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1.  Abstract 

This  project  was  aimed  at  developing  the  foundation,  based  on  existing  knowledge  of 
various  high  temperature  material  properties,  to  explore  new  ceramic  materials  with  interesting 
phase  transformation  properties.  The  systems  focused  on  were  one  and  two  component  oxide 
ceramic  systems  with  the  potential  for  application  in  the  aerospace  industry,  namely,  high 
temperature,  chemically  stable,  oxide  ceramics.  A  thorough  evaluation  of  literature  was 
conducted  to  identify  three  to  five  key  ceramic  oxide  materials  that  may  have  promising  high 
temperature  phase  transformation  behavior.  Eventually,  based  on  literature  and  Pis  extensive 
knowledge  on  phase  transformations  in  oxide  ceramics,  four  candidate  ceramic  oxide  materials 
were  identified  for  in-depth  investigation  of  their  high  temperature  and  phase  transformation 
properties  by  state-of-the-art,  in-situ  high  temperature  experimentation  which  included 
DSC/TGA,  dilatometry  and  high  temperature  X-ray  diffraction  using  synchrotron  radiation. 
These  included  (a)  YiSiOs,  (b)  CaWC>4,  (c)  CePC>4  and  (d)  YTaC>4. 
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2.  Introduction 

To  meet  the  challenge  in  designing  new,  high  temperature  materials  for  current  and  future 
aerospace  needs,  it  is  necessary  to  carry  out  basic  scientific  research  on  the  fundamental  physical 
and  chemical  properties  of  ceramics.  The  discovery  of  new  phase  transformations  has  many 
potential  applications:  for  example  in  reliable,  high  temperature  materials  for  the  next  generation 
of  fuel  efficient  airplane  engines,  ultra  high  temperature  materials  for  space  exploration  and  re¬ 
entry  vehicles,  MEMS  devices  and  smart  materials  systems,  as  well  as  heavy  duty  ground-based 
motors.  Furthermore,  with  the  nano-revolution,  it  is  quite  possible  to  engineer  ceramic 
components  with  microstructural  control  and  thus  to  tailor  their  properties  as  desired.  This  is 
where  fundamental  knowledge  on  anisotropic  behavior  of  materials  can  be  suitably  exploited. 
However,  this  warrants  accurate  information  on  behavior  of  materials  (both  thermal  expansion  as 
well  as  transformation)  along  different  crystallographic  axes  as  a  function  of  temperature  -  which 
is  often  missing  for  even  some  of  the  key,  known,  ceramic  materials. 

2.1  Limitations,  Issues  and  Concerns  of  Past  Studies 

In  the  past,  the  behavior  and  properties  of  ceramics  have  been  measured  using  essentially 
an  engineering  approach.  Literature  reports  sometimes  describe  conventionally  prepared, 
incompletely  reacted  ceramics  or  those  containing  grain  boundary  amorphous  phases.  Such 
“composites”  were  studied  by  X-ray  diffraction  (XRD),  dilatometry,  thermal  analyses  (thermo 
gravimetric  analysis  -  TGA,  differential  scanning  calorimetry  -  DSC)  optical  microscopy, 
without  much  knowledge  of  the  microstructure,  porosity,  strain  or  presence  of  microcracks 
within  the  material.  More  recently,  studies  by  electron  microscopy  (scanning  electron 
microscopy  -  SEM  and  transmission  electron  microscopy  -  TEM),  have  identified  important 
microstructural  considerations,  such  as  the  critical  particle  size  effect  controlling  the  onset  of 
transformation.1  Phase  transformations  and  phase  diagrams  were  predominantly  examined  by 
“ex  situ”  studies,  relying  on  the  assumption  that  quenching  would  capture  high  temperature 
phases.  This  however,  is  not  necessarily  so,  particularly  in  the  case  of  displacive  transformations 
having  low  activation  energies.  Erroneous  results  have  been  reported  from  metastable  phases  and 
those  with  partially  quenched-in  lattice  parameters. 

Earlier,  in  situ  studies  were  able  to  access  only  modest  temperatures  and  needed  inert 
atmospheres  or  vacuum  for  higher  temperatures.  However,  in  the  case  of  oxides,  measurements 
under  vacuum  or  reducing  atmospheres  can  be  erroneous,  due  to  the  unsaturated  state  of  oxygen 
chemistry  leading  to  defects  such  as  oxygen  vacancies,  and  shifting  or  total  suppression  of  phase 
transformations.  A  classic  example  of  this  is  fully  or  partially  stabilized  zirconia,1  where  the 
addition  of  Ca2+,  Mg2+,  Y3+  or  Ce4+  cations  disturbs  the  oxygen  equilibrium  composition  in 
zirconia,  necessitating  oxygen  vacancy  defects  and  stabilizing  the  high  temperature  phases  in 
cubic  or  tetragonal  symmetry. 

Crystallographic  parameters  and  thermal  expansion  coefficients  of  oxides  depend  on  their 
level  of  oxygen  saturation,  which  is  a  function  of  their  processing  conditions  as  well  as 
experimental  measurement  conditions.  For  example,  Fig.  1  illustrates  why  oxide  phase  diagrams 
need  to  be  measured  in  air.  Phase  transformations  can  be  suppressed,  temperatures  of  invariant 
reactions  can  be  shifted,  and  crystallographic  parameters  can  be  varied  significantly.  This  has 
been  quantitatively  demonstrated,  for  example,  in  another  classic  example  of  mullite 
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Figure  1.  Lattice  parameters  a,  b  and  c  of  mullite  [(a)  to  (c),  respectively],  as  a  function  of 

temperature.  Full  circles  are  experiments  on  grey  mullite,  triangles  are  experiments  on 
annealed  white  mullite.  Error  bars  are  smaller  than  the  symbols.  The  uncertainty  of 
temperature  was  about  ±10  K.  Solid  and  dotted  lines  are  only  guides  to  the  eyes.2 


(3Al203*2Si02),  which  is  white  as  a  normal  oxygen  saturated  ceramic,  and  black  or  gray  when  it 
is  oxygen  deficient.2, 3  Bulk  samples  of  mullite  were  hot  pressed  under  vacuum  in  a  graphite  die 
and  appeared  black  upon  densification.  Their  crystallographic  lattice  parameters  were  measured 
by  in  situ,  hot  stage,  neutron  diffraction  to  1600  °C.  Due  to  heating  in  air,  the  sample  had  turned 
white,  and  was  oxygen  saturated. 

When  the  in  situ  measurements  were  repeated,  a  different  set  of  lattice  and  thermal 
expansion  parameters  were  observed,  and  subsequent  cycled  measurements  indicated  that  the 
parameters  of  the  oxygen  saturated  mullite  were  then  reproducible.  The  behavior  was  observed 
for  the  crystallographic  unit  cell  volume,  which  was  calculated  from  the  crystallographic  axes, 
each  of  which  was  different  due  to  oxygen  deficiency.  Similarly,  the  thermal  expansion  of  HfCL 
measured  by  dilatometric  methods  under  inert  atmospheric  conditions  was  also  compromised  by 
the  oxygen  vacancies,  as  is  evident  from  the  change  in  color  of  the  sample  (see  Fig.  2).  Therefore 
it  is  important  that  phase  transformation  behavior,  lattice  parameters,  and  thermal  expansion 
properties  of  ceramic  oxides  are  measured  in  air. 


2.2  Summary  of  Known,  Non-ferroelectric  Phase  Transformations  in  Oxide  Ceramics 

Reviews  of  published  literature  on  non-ferroelectric  phase  transformations  in  ceramics 
and  minerals  have  been  carried  out  by  the  PI4'8  over  the  years,  summarizing  reports  of  phase 
transformations.  A  current  working  summary  is  listed  in  Tables  1,  2  and  3.  It  should  be  noted 
that  the  Tables  are  only  two  dimensional,  in  that  only  one  transformation  is  listed  per  each 
composition.  In  reality,  each  compound  may  be  a  system  exhibiting  a  sequence  of 
transformations.  For  example,  the  dicalcium  silicate  system  exhibits  a  sequence  of  six  phases 
with  five  transformations  separating  them  during  cooling  from  high  temperatures.9"14 
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Figure  2.  Thermal  expansion  of  Hf02  measured  by  dilatometry  in  an  inert  atmosphere.  Samples 
were  heated  at  10  °C/min  up  to  2800  °C  in  argon  atmosphere.  The  inset  shows  the 
sintered  specimen  before  and  after  the  measurements.  The  monoclinic  to  tetragonal 
transformation  occurred  at  -1820  °C. 

Over  the  past  40  years,  the  PI  and  co-workers  have  been  studying  phase  transformations 
in  oxide  ceramics  using  predominantly  TEM  techniques.  The  systems  studied  include  dicalcium 

9  14  1  15  21  22  25  26  27 

silicate,  '  zirconia,  ’  '  lanthanide  sesquioxides,  '  rare  earth  aluminates,  ’  hexacelsian 
(BaAhS^Os),28’ 29  nickel  sulfide  (NiS), 30,31  enstatite  (MgO'SiOa),32  rare  earth  niobates  (Ln 

'I'l  'l  C  'J  /T 

NbOzO  '  and  rare  earth  titanates  (LnTiOs).  In  addition,  the  PI  has  accurately  measured  the 
axial  thermal  expansion  coefficients  of  mullite  (3Als03»2Si02)  to  1400  °C  in  air,2’37  was  well  as 
of  hexacelsian  (BaA^S^Og)  to  850  °c.28,29 
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Table  1.  Examples  of  First  Order  Displacive  Transformations  in  Ceramics. 


Compound 

Crystal 

Symmetries 

Transformation 

Temperature 
(Tn  on  cooling) 

Volume 
Change  (AV) 

Unit  Cell 

Shape 

Change(°) 

Zr02  tetragonal— >■  950 

monoclinic 

(+)4.9%  9 

(R.T.) 

l-n203 

(type) 

monoclinic— >■ 
cubic 

600-2200 

(+)10%  10 

Ca2Si04 

(K2S04-type) 

monoclinic— > 
orthorhombic 

490 

(+)  1 2% 

4.6 

Sr2Si04 

(K2S04-type) 

NiS 

orthorhombic 
— »  monoclinic 

90 

0.2% . 

2 

rhombohedral  — » 
hexagonal 

379 

(+)4% 

— 

2Tb203.Al203 

...(type) . 

orthorhombic 
—>  monoclinic 

1070 

(+)0.67% 

18.83 

PbTi03 

cubic— >  445  (+)1%  0 

tetragonal 

KNb03 

tetragonal  — > 
orthorhombic 

225 

~0% 

0 

i  LuB03 

hexagonal  — » 
rhombohedral 

1310 

(+)8% 

— 

MgSi03 

(CaSi03-type) 

(FeSi03-type) 

orthorhombic  — > 
monoclinic 

865 

(-)5.5% 

18.3 

[  YNb04 
(LnNb04-type) 

tetragonal  — > 
monoclinic 

900 

(-)  1.8% 

4.53 

LnB03(type) 

hexagonal  — > 
hexagonal 

550-800 

(-)8.2% 

— 
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Table  2.  Other  Examples  of  Phase  Transformations  in  Ceramics. 


Compound 

Crystal 

Symmetries 

Transformation 

Temperature 
(Tn  on  cooling) 

Volume 

Change 

(AV) 

Unit  Cell 

Shape 

Change!0) 

Cristobalite  cubic  — » 

(Si02)  tetragonal 

265 

(-)  2.8%  0 

Hexacelcian 

(BaAl2Si20g) 

Leucite 

(KAlSi206) 

hexagonal 
— >  orthorhombic 

300 

(-)  0.43% 

0 

cubic  — > 
tetragonal 

620 

~0 

0 

Zircon  (ZrSi04) 

monoclinic  — > 
tetragonal 

827 

? 

? 

Di-lanthanide 
aluminates 
(Ln4Al209) 
Di-lanthanide 
titantes  (Ln2Ti05) 
Barium 
orthotitanate 
(Ba2Ti04) 

monoclinic  — > 
monoclinic 

1400  (+)  0.5%  |  ? 

hexagonal 
— >  orthorhombic 

1712 

? 

0 

? 

? 

? 

? 

Cerium 

pyrosilicate 

(CeSi04) 

? 

? 

? 

? 

Aluminum  titanate 
(Al2Ti05) 

? 

? 

? 

? 

Lithium  phosphate 
(Li2P04) 

? 

340 

? 

? 

Lanthanide  (eg.Gd) 
vanadates  (LnV04) 

monoclinic 

— >  tetragonal  825  ? 

? 

PI:  Waltraud  M.  Kriven 
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Table  3.  Phase  Transformations  in  Rare  Earth  Oxide  Compounds. 


La  Ce 

Pr 

Nd 

Pm  Sm 

Eu 

Gd 

Tb  Dy  Ho 

Er  Tm  Yb  Lu 

LnNb04 

scheelite 

Monoclinic  (low  T)  — >  Tetragonal  (high  T) 

L^TiOs 

Orthorhombic 

Orthorhombic  (low  T)  — >  Hexagonal 
— »  Cubic 

Cubic 

LnA103 

Perovskite 

Rhombohedral  (low  T)  — >  Cubic 

Rhombohedral 
(low  T)  — » 
orthorhombic 
— >  Cubic 

Rhombohedral 
(low  T)  — > 
orthorhombic 

Orthorhombic 

LnTa04 

Unknown  structure 

Monoclinic  (low  T)  — »  Tetragonal 

Monoclinic 

LnV04 

Monoclinic  (?) 

Tetragonal  YP04  structure 

LnAs04 

Monoclinic  CeP04  structure 

Tetragonal  YP04  structure 

Tetragonal  scheelite  (CaW04)  structure  (high  pressure) 

LnP04 

Monoclinic  CeP04  structure 

Tetragonal  YP04  structure 

\jW2Y\2Of 

Monoclinic 

Cubic  (pyrochlore) 

Ln3Nb07 

Tetragonal  (?) 

? 

Hexagonal 

? 
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2.3  Applications  of  Phase  Transformations 

2.3.1  Transformation  Toughening 

The  phase  transformation  in  zirconia  has  been  widely  studied  around  the  world,  and  is 
now  a  well-documented  example  of  “transformation  toughening”  of  ceramics.1, 15-21>  38-46  The 
toughening  arises  from  the  tetragonal  to  monoclinic  crystal  structure  change  which  is 
accompanied  by  a  3.04%  volume  increase  on  cooling  through  its  transformation  temperature  at 
950  °C.  Through  doping  and  the  creation  of  oxygen  vacancies,  as  well  as  microstructural  control, 
the  transformation  can  be  metastably  retained  in  the  tetragonal  solid  solution  phase  down  to 
room  temperature,  where  (including  the  accumulated  thermal  contraction)  the  zirconia  undergoes 
a  total  volume  expansion  of  4.9%.  This  set  off  a  wave  of  global  studies  on  the  mechanism  of 
transformation  toughening  for  over  25  years.  Toughened  zirconia-based  ceramics  have  found 
widespread  applications  ranging  from  wear  resistant,  diesel  engine  components,  thermal  shock 
resistant,  tundra  dishes  for  pouring  of  molten  steels,  to  zirconia  ferrules,  to  toughened,  ceramic 
hip  implants.  It  is  fair  to  state  that  the  ceramics  community,  including  the  PI  have  learnt  a  lot 
about  the  design  of  transformation  toughened  ceramics  from  the  now  well-documented  case 
study  of  zirconia-toughened  ceramics. 

Since  the  toughening  in  zirconia  was  attributed  to  the  positive  volume  change 
accompanying  the  transformation,  Kriven  postulated  the  existence  of  other  possible 
transformation  tougheners  alternative  to  zirconia.  '  It  was  found  that  those  transformations 
having  large  positive  volume  changes  on  cooling  were  difficult  to  initiate  under  normal  three- 
point  flexure  conditions.  However,  for  applications  in  ceramic  armor,  with  the  application  of 
extremely  large  stresses  and  shock  waves  accompanying  ballistic  impacts,  these  concepts  should 
be  revisited.  Examples  of  systems  investigated  are  the  following. 

Preliminary  evidence  has  been  found  for  transformation  toughening  of  a  calcium 
zirconate  matrix  by  a  dicalcium  silicate  toughener,  which  undergoes  a  +12  %  volume  change, 
particularly  with  judicial  design  of  the  critical  particle  size  and  microstructure.  ’  ’  Likewise, 
preliminary  work  indicates  the  possibility  of  high  temperature  (>  1000  °C)  transformation 
toughening  of  magnesia  by  dispersed,  second  phase  particles  of  terbia  (Tl^CE).22’ 32 

The  monoclinic  to  cubic  transformation  in  the  lanthanide  sesquioxides  is  accompanied  by 
an  +8.5%  volume  change  on  cooling  through  1590°C  in  Tl^Cf.  However,  relaxation  effects  at 
such  high  temperature  suggest  the  possibility  of  a  limited  application  region  due  to 
microstructural  instability.  Further  work  needs  to  be  done  to  ascertain  the  potential  of 
transformation  toughening  with  rare  earth  oxides.  The  -4%  volume  increase  in  NiS  particles 
dispersed  in  the  compressed  surface  zone  of  tempered  glass  was  found  to  be  deleterious  and  led 
to  shattering  of  the  glass.30, 31 

2.3.2  Overall  Toughening  by  Transformation  Weakening  of  Debonding  Interphases 

While  transformation  toughening  with  zirconia  has  yielded  an  approximately  threefold 
increase  in  toughness  in  zirconia  based  ceramics  such  as  partially  stabilized  zirconia  (PSZ), 
zirconia  tetragonal  polycrystals  (ZTP),  and  zirconia  toughened  alumina  (ZTA),  it  is  known  that 
even  larger  toughening  effects  can  be  realized  in  fiber  reinforced,  ceramic  matrix  composites 
(CMCs).  Toughness  of  up  to  30  MPa*m12  have  been  achieved  in  silicon  carbide  reinforced  with 
continuous,  graphite-coated,  silicon  carbide  fibers.  The  graphite  acts  as  a  debonding  layer  around 
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the  fiber,  which,  due  to  its  superior  strength,  is  able  to  carry  the  load,  even  though  the  matrix  is 
significantly  microcracked.  The  debonding  occurring  at  the  fiber  matrix  interface  is  an  essential 
requirement  for  decoupling  the  matrix  so  that  the  fiber  can  exert  crack  closure  forces.  While  this 
is  an  impressive  achievement,  the  SiC  system  is  limited  to  use  under  vacuum,  since  for  example, 
airplane  engines  operate  in  air  or  a  highly  oxidizing  atmosphere,  and  usually  at  very  high 
temperatures  conducive  to  oxidation. 

Since  a  positive  volume  change  led  to  transformation  toughening,  it  was  reasoned  by 
Kriven4'8, 32,49-51  that  a  negative  volume  change  should  lead  to  “transformation  weakening.”  This 
was  postulated  to  be  responsible  for  the  deleterious  effect  of  the  orthorhombic  (clinoenstatite)  to 
monoclinic  (orthoenstatite)  transformation  in  enstatite  (MgOSiCf).  TEM  studies  revealed  this 
assumption  to  be  correct.4'8, 51  Enstatite,  a  pyroxene,  chain  silicate  is  the  major  component  of 
steatite  ceramics,  which  were  mysteriously  observed  to  disintegrate  when  the 


FIBER. 

FIBROUS  CORE. 
MATRIX  LAMINATE 


Figure  3.  Schematic  diagram  illustrating  the  mechanism  of  “transformation  weakening  of 
ceramic  interphases”  leading  to  overall  toughening  of  fiber  reinforced,  fibrous 
monolithic  or  laminated  ceramic  matrix  composites.49, 50 

enstatite  was  above  a  7  pm  critical  grain  size.  Recently,  this  mechanism  of  toughening  has  been 
demonstrated50  with  the  cubic  to  tetragonal  transformation  of  a  cristobalite  (Si02)  interphase  in  a 
mullite-cordierite,  laminated  matrix,  and  a  US  patent  was  granted. 

Fig.  3  49, 50  is  a  schematic  diagram  illustrating  “transformation  weakening  of  ceramic 
interphases”  leading  to  overall  toughening  of  a  ceramic  matrix  composite.  In  thermally  induced 
transformations,  all  interphases  are  pre-transformed  before  the  approach  of  a  crack,  with  some 
consequent  loss  of  overall  strength  of  the  material.  In  the  ideal,  shear-stress  induced  case,  an 
oncoming  crack  induces  a  transformation  in  its  immediate  environment,  with  strength  only 
minimally  reduced  throughout  the  bulk.  Maximum  toughening  is  achieved,  since  the  propagating 
crack  needs  to  do  work  to  overcome  the  nucleation  barrier  and  cause  transformation,  and  onset  of 
the  other  synergistic  toughening  mechanisms  (e.g.,  crack  formation)  occurs. 
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2.3.3  Ferroelasticity ,  Shape  Memory  Behavior  and  Large  Force  Actuation 

Ferroic  behavior  is  observed  in  ferroelectric,  ferroelastic  and  ferromagnetic  materials. 
Their  behavior  is  compared  in  the  text  book  example  of  Fig.  4.  They  share  the  common  feature 
of  a  hysteresis  loop  arising  from  poling  of  electric,  magnetic  or  anisotropic  domains. 


Polarisation 


Figure  4.  Comparison  of  hysteresis  curves  for  ferroic  materials. 


Figure  5.  Schematic  presentation  of  the  ferroelastic  hysteresis  loop  showing  the  characteristic 
quantities  es  or  (ss)  indicating  the  macroscopic  spontaneous  distortion  of  the  crystal 
without  external  stress.  The  coercive  stress  is  defined  by  the  intersection  of  the 
hysteresis  with  the  stress  axis  at  zero  strain. 
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Ferroic  domains  arise  from  a  ferroic  (ferroelectric,  ferromagnetic  or  ferroelastic) 
transformation,  in  which  there  is  a  group-subgroup  symmetry  relationship.68  A  ferroic 
transformation  involves  a  crystal  structure  change,  but  ferroic  domain  rearrangements  do  not,  as 
they  are  rearrangements  in  the  microstructure  without  any  change  in  crystal  structure.  Basically 
the  domains  try  to  align  themselves  in  the  direction  of  the  coercive  force,  be  it  electric,  magnetic 
or  mechanical.  The  detailed  parameters  for  ferroelasticity  are  marked  in  Fig.  5. 

Shape  memory  behavior  in  metals  is  crystallographically  and  microstructurally  similar  to 
ferroelastic  domain  rearrangement.69, 70  Furthermore,  it  is  feasible  that  large  force  actuation  may 
be  realized  by  the  ferroic  alignment  of  domains  under  electric,  magnetic  or  mechanical  coercive 
forces.  The  current  actuator  widely  used  is  lead  zirconate  titanate  system  (PZT)  whose 
transformation  is  accompanied  by  a  relatively  small  spontaneous  strain  of  0.01  %.  While  this 
strain  allows  cycling  through  the  transformation  with  kilohertz  frequencies,  its  magnitude 
relegates  PZT  to  be  a  very  small  force  actuator.  Furthermore  it  cannot  be  used  above  its 
relatively  low  Curie  temperature  of -120°  C. 

Table  4.  Crystal  chemical  classes  of  pure  inorganic  ferroelastics. 71 


Class  (characteristics) 


Family  (representatives) 
Number  is  indicated  with 
accordance  of  TABLE  I 


I.  Ferroelastics  with  isolated  anion  complexes: 

a)  simple  (island-like  or  “zero-dimensional”)  complexes-the 
tetrahedral  anion  groupings  are  isolated  each  from  other  in  the 
crystal  structure 

b)  structures  in  which  the  anion  (as  a  rule-tetrahedral) 
complexes  appear  as  ligands  of  more  complicated  complexes, 
the  central  atoms  of  which  are  metal  atoms 

c)  the  isolated  anion  groupings  from  the  transitional  metal 
atoms  polyhedron  are  resulting  layered  structure. 

II.  Ferroelastics  with  the  anion  or  cation  complexes,  connected  to 
each  other  by  vertices  and  forming  infinite  linear  fragments 
(chains,  bands)  or  layers. 

III.  Ferroelastics  with  anion  complexes,  connected  by  the  hydrogen 
bonds  in  the  chains,  bands  or  layers 

IV.  Ferroelastics  with  the  anion  octahedral  complexes  shared  by 
vertices  in  the  three-dimensional  framework 

V.  Ferroelastic  ionic  molecular  crystals. 


Palmierites  (8),  fergusonites 
(9),  teilorites  (13),  tridimites 
(15). 

Langbeinites  (6),  complex 
cianides  (2)-linear 
complexes. 

Double  trigonal  molyb¬ 
dates  and  tungstates  (11). 

Pentaphosphates  (5),  fres- 
noites  (7),  M4A(X04)3  (12), 
Sb507I,  ditellurites  (14). 

Alkaly  thrihydroselenites 
(3),  H3BO3 

Perovskites,  elpasolites  (4). 
Calomel  family  (1). 


While  ferroelastic  transformations  in  perovskites  and  ferroelectricity  have  been  relatively 
widely  studied,  ferroelasticity  has  received  relatively  little  attention.  Salje63  has  written  a 
mathematical,  theoretical  treatment  based  on  Group  Theory  in  his  book.  The  PI  has  found  the 
publication  of  Dudnik  and  Kiosse  in  the  former  Soviet  Union  to  be  a  good  framework  for 
choosing  a  ferroelastic  system  for  study.  According  to  their  perspective,  the  reason  that 
perovskite-based  structures  such  as  PZT  have  such  small  spontaneous  strains  is  that  they  are 
based  on  a  “cage  structure”  with  limited  atomic  mobility  and  structural  rearrangements. 
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71 

According  to  their  classification  in  Table  4  phase  transformations  accompanied  by  large  force 
actuations  should  be  found  in  structures  containing  “ortho  groups”  such  as  the  palmierites  and 
fergussonite  structures.  On  the  basis  of  this  thinking,  the  PI  had  studied  the  rare  earth  niobates 
and  observed  spontaneous  strains  of  6.35  %  in  the  tetragonal  to  monoclinic  RNb04 
transformations,  confirming  Dudnik  and  Kiosse’s  hypothesis.33, 34 

2.3.4  Long  Term  Vision  for  Phase  Transformations  Study 

Fig.  6  below  summarizes  the  Pi’s  long  term  view  of  research  in  phase  transformations 
with  tentative  applications  indicated,  depending  on  the  volume  changes  and/or  unit  cell  shape 
changes. 


Long  term  vision  for  study  of  phase  transformations 
in  structural  ceramics  and  composites 


Displacive  phase  transformations  an  be  accompanied  by 
volume  changes  and/or  by  shape  changes 


Large  volume  changes  (AV) 


•  Transformation  toughening  (e.g.  zirconia 
ceramics,  rare-earth  oxides) 

•  Transformation  weakening  of  interphases, 
giving  overall  toughening  of  fiber-reinforced 
composites  or  fibrous  monoliths  (e.g. 
enstatite,  cristobalite) 


Structural  ceramics  for  airplane  and 
Ground-based  turbine  engines 


Unit  cell  shape  changes  (A|3) 


•  Ferroelastic  phase  transformations 

•  Ferroelasticity 

•  Toughening  by  twin  flipping 


Large  force  actuation  (e.g.  for  MEMS  devices) 
Shape  memory  ceramics 


Figure  6.  Suggested  research  and  potential  applications  of  phase  transformations  in  ceramics. 


14 


High  Temperature  Phase  Transformations  in  Oxide  Ceramics 

PI:  Waltraud  M.  Kriven 


3.  Statement  of  Objectives 

There  is  a  genuine  need  for  development  of  materials  that  undergo  phase  transformations 
at  high  temperatures  in  air.  The  current  understanding  of  this  important  property  of  some 
materials,  which  can  find  use  in  advanced  technological  applications,  is  flawed  or  incomplete. 
This  is  most  likely  to  be  due  to  the  experimental  limitations  and  difficulties  in  gathering  such 
data.  The  primary  goal  of  this  project  was  to  identify  three  to  five  key  ceramic  oxide  materials 
that  may  have  promising  high  temperature  phase  transformation  behavior,  and  to  thoroughly 
investigate  their  transformation  properties  by  state-of-the-art,  in-situ  high  temperature 
experimentation.  The  focus  was  on  oxide  materials  with  potential  for  application  in  the  aerospace 
industry,  for  high  temperature  uses.  The  ultimate  objective  was  to  introduce  an  efficient,  and 
comprehensive  methodology,  including  experimentation,  to  identify  and  investigate  high 
temperature  properties  and  behavior  of  materials  based  on  fundamental  crystallographic 
measurements  performed  in-situ  at  high  temperatures. 
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4.  Methods  and  Approach 

4.1  Outline  of  General  Plan  of  Work 

The  work  proposed  in  the  project  can  be  broadly  classified  into  the  following  tasks/categories: 

I.  Literature  Search 

II.  Preliminary  Investigations  using  screening  techniques  (TGA,  DSC,  dilatometry) 

III.  Phase  Transformation  Studies 

Literature  Search:  The  primary  objective  of  this  task  was  to  identify  the  key  ceramic 
oxide  materials,  both  single  phase  and  binary  oxides,  by  exhaustively  combing  the  existing 
literature  on  phase  transformations.  The  Pi’s  extensive  research  has  underscored  the  need  for  a 
structured  approach  towards  “discovery”  of  new  materials  as  well  as  a  frame  of  reference  for 
high  temperature  applications  of  importance  to  aerospace  applications  In  this  research  project  a 
focused  effort  was  undertaken  to  identify  key  ceramic  oxide  materials,  both  single  phase  and 
binary  oxides,  by  exhaustively  combing  the  existing  literature  on  phase  transformations.  The 
purpose  of  the  this  search  was  to  shortlist  candidate  material  systems  for  further  investigations  of 
their  high  temperature  properties.  The  criteria  for  selection  of  compounds  included  (a)  stability  in 
air  at  high  temperatures,  (b)  presence  of,  or  promise  for,  high  temperature  phase  transformations 
which  are  accompanied  with  significant  volume/shape  changes.  Emphasis  was  on  identifying 
compounds  which  were  light  weight.  The  scientific  literature  was  extensively  searched  for  any 
reported  high  temperature  properties  of  these  materials,  including  thermal  expansion,  phase 
transformation  etc. 

Preliminary  Investigations:  Powder  samples  of  the  candidate  compounds,  identified 
from  the  screening  of  existing  scientific  literature  and  from  the  Pi's  vast  experience,  were 
procured  or  prepared,  as  required.  Preliminary  screening  of  the  high  temperature  phase 
transformation  behavior  was  conducted  on  powder  samples  using  thermal  analysis  methods 
(DTA/DSC/TGA)  and  on  sintered  samples  using  dilatometry.  Powder  samples  of  phases  which 
could  be  not  be  procured  commercially,  were  prepared  by  the  Pi's  patented  organic-inorganic 
steric  entrapment  method.  These  powders  were  crystallized  at  higher  temperatures  followed  by 
attritor  milling  to  fabricate  fine,  highly  sinterable  oxide  powders  of  homogeneous  composition. 

Phase  Transformation  Studies:  The  results  of  preliminary  investigations  were  used  as  a 
guide  to  further  evaluate  the  selected  compounds  for  their  high  temperature  thermal  expansion 
and  phase  transformation  behavior  using  high  temperature  X-ray  diffraction  (HTXRD).  These 
experimental  investigations  were  aimed  at  developing  an  in-depth  understanding  of  the  thermal 
expansion  and  any  thermally-induced  phase  transformation  behavior.  The  high  temperature  X- 
ray  data  was  analyzed  rigorously  using  whole  pattern  fitting  methods  such  as  the  Rietveld 
method  72  and  Pawley’s  method73,  in  order  to  crystallographically  follow  the  thermal  expansion 
and  the  phase  transformation  behavior. 
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4.2  Literature  Survey 

A  thorough  examination  of  literature  spanning  over  a  century  of  research  constituted  the 
first  phase  of  the  project.  The  PI  guided  a  thorough  screening  of  the  scientific  literature  using  the 
extensive  resources  available  through  subscriptions  through  the  library  system  at  University  of 
Illinois  and  via  the  internet.  Table  5  includes  a  listing  of  the  databases  that  were  used  to  collect 
information  on  phase  transformations  and  thermal  properties  of  single  oxides  and  binary  oxide 
ceramic  materials.  Although  each  and  every  relevant  thermal  property  of  these  materials  was 
considered,  it  was  considered  beyond  the  scope  of  the  current  project  to  catalog  this  information. 
The  main  purpose  of  the  search  was  to  shortlist  at  least  twelve  different  compounds.  The  broad 
criteria  for  selection  of  compounds  included  (a)  stability  in  air  at  high  temperatures,  (b)  presence 
of,  or  promise  for,  high  temperature  phase  transformations  which  are  accompanied  with 
significant  volume/shape  changes.  Emphasis  was  on  identifying  compounds  which  are  light 
weight.  Together  with  the  known  fundamental  high  temperature  properties  of  these  materials, 
such  as  thermal  expansion  etc.,  essential  details  on  the  methods  used  for  their  measurement  were 
also  noted. 

Table  5.  Comprehensive  listing  of  available  databases  for  this  project. 


S.No. 

Database  Name 

Scope  and  Coverage 

Remarks 

1 

Aerospace  &  high 
technology  database 

Identifies  publications  on 
aeronautical  and  aerospace 
engineering  and  space 
sciences. 

1960-present  in 
Cambridge  Scientific 
Abstracts 

2 

Ceramic  abstracts  World 
ceramics  abstracts 

(Alternate  title  for  Ceramic 
abstracts/World  ceramics 
abstracts ) 

Identifies  journal  articles  and 
conference  literature  in 
ceramics  and  glass. 

3 

Ceramic  abstracts/World 
ceramics  abstracts 

Identifies  journal  articles  and 
conference  literature  in 
ceramics  and  glass. 

1975 -present  in 
Cambridge  Scientific 
Abstracts 

4 

Ceramics  abstracts 

(Alternate  title  for 

Engineered  materials 
abstracts,  ceramics) 

Identifies  the  research  and 
trade  literature  in  ceramic 
materials. 

5 

Ceramics  subfile  (Alternate 
title  for  Engineered 
materials  abstracts, 
ceramics ) 

Identifies  the  research  and 
trade  literature  in  ceramic 
materials. 

6 

Chem  abstracts  (Alternate 
title  for  Chemical  abstracts 
on  CD) 

Identifies  publications  in 
chemistry  and  medicine. 

7 

Chemical  abstracts  on  CD 

Identifies  publications  in 

1987-Present  in 
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S.No. 

Database  Name 

Scope  and  Coverage 

Remarks 

chemistry  and  medicine. 

Chemical  Abstracts 
Service 

8 

COMPENDEX  -  1970  to 
present  (Engineering 
Index-updated  weekly) 

(Alternate  title  for 
Engineering  Village) 

Identifies  articles  in 
engineering  and  physics 
literature.  Includes  the 
Compendex,  NTIS,  and 
INSPEC  databases. 

9 

Composites  industry 
abstracts 

Provides  access  to  literature 
on  polymer  and  ceramic 
composite  materials. 

1986-present  in 
Cambridge  Scientific 
Abstracts 

10 

Conference  papers  index 

Identifies  papers  and  poster 
sessions  presented  at  major 
scientific  meetings. 

1982-present  in 
Cambridge  Scientific 
Abstracts 

11 

CSA  Materials  Collection 

(Alternate  title  for  Materials 
Collection  Databases ) 

Identifies  abstracts  from 
aerospace,  aluminum,  and 
ceramic  industries,  among 
others. 

12 

Current  contents 

Identifies  journal  articles  and 
books  in  the  sciences,  social 
sciences,  and  arts  and 
humanities. 

1993-present  in  Ovid 

13 

DAO  (Alternate  title  for 
ProQuest  digital 
dissertations ) 

Identifies  doctoral 
dissertations  from  U.S.  & 
Canadian  institutions. 

14 

Digital  dissertations 

(Alternate  title  for  ProQuest 
digital  dissertations) 

Identifies  doctoral 
dissertations  from  U.S.  & 
Canadian  institutions. 

15 

Dissertation  abstracts 
online  (Alternate  title  for 
ProQuest  digital 
dissertations) 

Identifies  doctoral 
dissertations  from  U.S.  & 
Canadian  institutions. 

16 

El  Village  (Alternate  title 
for  Engineering  Village) 

Identifies  articles  in 
engineering  and  physics 
literature.  Includes  the 
Compendex,  NTIS,  and 
INSPEC  databases. 

17 

Engineered  materials 
abstracts 

Identifies  the  research  and 
trade  literature  in  polymer, 
ceramic,  and  composite 
materials. 

1986-present  in 
Cambridge  Scientific 
Abstracts 

18 

Engineered  materials 
abstracts,  ceramics 

Identifies  the  research  and 
trade  literature  in  ceramic 
materials. 

1986-present  in 
Cambridge  Scientific 
Abstracts 
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S.No. 

Database  Name 

Scope  and  Coverage 

Remarks 

19 

Engineering  Village 

Identifies  articles  in 
engineering  and  physics 
literature.  Includes  the 
Compendex,  NTIS,  and 
INSPEC  databases. 

1884-present 
(Compendex)  1968- 
present  (INSPEC)  in 
UIUC  Library  Database 
Collection 

20 

Geo  ref  (Alternate  title  for 
GeoRef) 

Identifies  articles,  books  and 
other  publications  on  geology 
and  earth  sciences. 

21 

GeoRef 

Identifies  articles,  books  and 
other  publications  on  geology 
and  earth  sciences. 

1785-present  in 
SilverPlatter(also  in 
Cambridge  Scientific 
Abstracts) 

22 

GeoScience  World 

GeoScienceWorld  (GSW) 
identifies  geologic  and  other 
geoscience  journal  content 
from  various  not-for-profit 
and  independent  geoscience 
publishers. 

in  UIUC  Library 

Database  Collection 

23 

INSPEC  -  1970  to  present 
(Physics/Computer  & 
Electrical  Engineering- 
updated  weekly)  (Alternate 
title  for  Engineering  Village) 

Identifies  articles  in 
engineering  and  physics 
literature.  Includes  the 
Compendex,  NTIS,  and 
INSPEC  databases. 

24 

ISI  citation  databases 

(Alternate  title  for  Web  of 
science ) 

Identifies  articles  in  science, 
social  science,  and  arts  and 
humanities,  and  the  articles 
that  cite  them. 

25 

Materials  Business  File 

Identifies  trade  and  industry 
literature  in  metals  and 
materials. 

1985-present  in 
Cambridge  Scientific 
Abstracts 

26 

Materials  Collection 
Databases 

Identifies  abstracts  from 
aerospace,  aluminum,  and 
ceramic  industries,  among 
others. 

coverage  dates  that  vary 
by  resource  in 

Cambridge  Scientific 
Abstracts 

27 

National  Technical 
Information  Service 
(NTIS) 

Identifies  government- 
sponsored  technical  reports  in 
science,  engineering,  and 
business. 

1964-present  in  UIUC 
Library  Database 
Collection 

28 

ProQuest  digital 
dissertations 

Identifies  doctoral 
dissertations  from  U.S.  & 
Canadian  institutions. 

1861 -present  in 

ProQuest 

29 

SciELO:  Scientific 
Electronic  Library  Online 

Identifies  scientific  literature 
published  in  Spain  and 

coverage  dates  that  vary 
with  resource  in  SciELO 
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S.No. 

Database  Name 

Scope  and  Coverage 

Remarks 

Central  and  South  America. 

Brazil 

30 

Science  Citation  Index  (ISI 
Web  of  Science)  (Alternate 
title  for  Science  Citation 

Index  Expanded) 

Identifies  research  articles 
and  cited  references  in 
science,  engineering  and 
medicine. 

31 

Science  Citation  Index 
Expanded 

Identifies  research  articles 
and  cited  references  in 
science,  engineering  and 
medicine. 

1982-present  in 
Thomson-ISI 

32 

Science.gov 

It  provides  a  unified  search  of 
the  U.S.  government's 
scientific  and  technical 
information. 

in  UIUC  Library 

Database  Collection 

33 

Scirus 

Scirus  is  a  science-specific 
Internet  search  engine 
searching  over  1 67  million 
science-specific  Web  pages. 

in  UIUC  Library 

Database  Collection 

34 

Scopus 

Identifies  scientific  articles  in 
over  14,000  peer-reviewed 
journals  from  more  than 

4,000  international 
publishers.  Multidisciplinary 
coverage  includes  health, 
agriculture,  chemistry, 
physics,  life  sciences, 
mathematics,  engineering, 
earth  and  environmental 
sciences. 

1960-Present  in  UIUC 
Library  Database 
Collection 

35 

WCA  (Alternate  title 

for  Ceramic  abstracts/World 

ceramics  abstracts) 

Identifies  journal  articles  and 
conference  literature  in 
ceramics  and  glass. 

36 

Web  of  science 

Identifies  articles  in  science, 
social  science,  and  arts  and 
humanities,  and  the  articles 
that  cite  them. 

1980-present  in 
Thomson-ISI 

37 

Weldasearch 

Identifies  journal  articles  and 
report  literature  in  the  fields 
of  welding,  soldering, 
metallurgy,  and  corrosion. 

1967-present  in 
Cambridge  Scientific 
Abstracts 

38 

World  ceramics  abstracts 

(Alternate  title  for  Ceramic 
abstracts/World  ceramics 
abstracts) 

Identifies  journal  articles  and 
conference  literature  in 
ceramics  and  glass. 
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4.3  Experimental  Procedures  and  Instrumentation 

4.3.1  High  Temperature  Thermal  Analysis  by  TGA/DSC  and  Dilatometry 

The  conventional  thermal  analysis  techniques,  TGA/DSC  and  dilatometry,  were  used  as 
preliminary  investigation  tools  to  (a)  identify  the  onset  of  crystallization  in  amorphous  sample 
powders  which  were  synthesized,  (b)  determine  phase  transformation  temperatures,  and  (c)  study 
the  thermal  expansion  behavior  of  polycrystalline  bulk  samples  in  the  wide  temperature  ranges 
afforded  by  the  instruments  in  the  Pi's  research  group  (see  Fig.  7(a,  b)).  The  TGA  data,  which 
was  acquired  simultaneously  along  with  DSC,  served  as  a  secondary  check  to  monitor  any 
associated  weight  changes  in  the  samples  upon  heating. 


R  1 


(a)  (b) 

Figure  7.  Photographs  of  the  (a)  Netzsch  Simultaneous  Thermal  Analyzer  (STA  409  CD)  and  (b) 
Netzsch  Dilatometer  (DIL  402  E)  equipment  used  for  DTA/DSC/TGA  and  dilatometric 
studies,  respectively. 

4.3.2  In  situ  High  Temperature  X-ray  diffraction 

High  temperature  X-ray  diffraction  (HTXRD)  is  a  useful  technique  for  measurement  of 
physical  properties  such  as  thermal  expansions  and  phase  transformations,  etc.  of  ceramic 
materials.  Any  phase  transformations  identified  by  thermal  analysis  studies  were  more  closely 
studied  by  quantitative  synchrotron  HTXRD.  In  this  way  the  crystallographic  and  compositional 
parameters  could  be  determined  for  phase  transformations  or  any  invariant  reactions  identified. 
Using  HTXRD,  the  prepared/procured  crystalline  powder  samples  of  the  candidate  materials 
were  characterized  for  (a)  quantitative  phase  composition,  (b)  thermal  expansion  of  each 
component  phase  and  (c)  phase  transformation  behavior  using  synchrotron  radiation.  The  lattice 
parameters  and  phases  present  at  transformation  were  also  determined.  Information  on  the 
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structure -property  relationships,  measured  in  situ,  is  necessary  to  develop  advanced  ceramic 
materials  for  use  in  extremely  demanding  applications. 

In  a  typical  high  temperature  XRD  experiment,  samples  (powder  or  sintered  rods/plates) 
were  heated  using  the  Quadrupole  Lamp  Furnace  (QLF)74’ 15 ,  see  section  4.3.3. 1,  and  the  crystal 
structural  changes  are  simultaneously  recorded  as  XRD  patterns  using  synchrotron  radiation  and 
an  X-ray  detector  (e.g.  scintillation  counter).  Experiments  could  be  conducted  in  both 
transmission  and  reflection  modes.  The  XRD  patterns  are  analyzed  using  whole  pattern  fitting 
techniques  (e.g.  Rietveld  method72)  to  extract  the  crystallographic  information.  These  analyses 
used  crystal  structure  information  from  commercially  available  databases,  and  where  required,  a 
suitable  refined  structure  of  the  concerned  phase  was  determined. 

4.3.3  Instrumentation  for  In-situ  High  Temperature  X-ray  Diffraction 

Different  methods  that  have  been  used  to  generate  high  temperatures  in  X-ray  diffraction 
experiments  include  devices  based  on  resistance  heating,  gas  flame  heating,  induction  heating 
and  radiation  heating.76  In  the  past,  a  compact  furnace  using  commercially  available,  small, 
ellipsoidal,  halogen  IR-reflector  lamps  was  fabricated  for  in  situ  X-ray  powder  diffraction 
studies.74, 75, 77  With  two  such  lamps,  the  double  ellipsoidal,  mirror  heater  was  capable  of  heating 
a  capillary  sample  up  to  a  maximum  temperature  of  1500  °C  in  air.  Since  the  technological  niche 
of  oxide  ceramics  lies  in  its  usefulness  for  applications  at  temperatures  beyond  1500  °C,  a 
compact,  quadrupole,  ellipsoidal,  thermal-image  furnace,  designed  by  the  PI,  incorporated  four 
lamps  arranged  in  such  a  manner  that  a  temperature  of  2000  °C  could  be  achieved  at  their 
common  “hot-spot”  focus  point. 74 

Traditional  powder  X-ray  diffraction  methods  employ  either  a  slit  or  analyzer  crystal  that 
is  step-scanned  over  the  range  of  angles.  Not  only  are  these  methods  slow,  but  are  also  very 
inefficient  since  only  a  small  fraction  of  the  available  diffracted  intensity  spectrum  is  measured 
at  each  point,  resulting  in  low  Signal/Noise  ratio.  Moreover,  measurements  on  samples  that 
change  with  time  at  high  temperatures  are  often  impossible. 

Simultaneous  acquisition  of  high  quality  X-ray  diffraction  data  over  a  range  of  20  is  a 
desirable  alternative  for  HTXRD  experiments.  There  has  been  significant  efforts  in  the  last  few 
years  to  increase  the  quality  of  data  and  to  reduce  the  amount  of  time  required  for  a  single 
measurement.  The  different  approaches  can  be  broadly  classified  into  (a)  multi  detector 
systems  ,  and  (b)  position  sensitive  x-ray  detectors,  which  include  linear  sensitive  proportional 
counters  (such  as  INEL),  Charge  Coupled  Devices  (i.e.  CCDs,  for  example  from  AXS  Bruker), 
or  image  plate  (IP)  systems.  Although  the  multi  detector  set-up,  when  used  along  with  the 
analyzer  crystals,  provides  for  unparalleled  resolution  in  X-ray  diffraction  data,  it  could  still 
require  a  number  of  hours  to  collect  diffraction  patterns  suitable  for  structure  solution.  The 
position  sensitive  detectors  based  on  CCDs  or  linear  proportional  counters  are  limited  in  their 
spatial  resolution  or  could  be  very  expensive  if  designed  to  cover  the  broad  range  of  angles 
usually  required  in  powder  diffraction  experiments.  The  IP-detectors,  on  the  other  hand  have 
been  developed  in  various  configurations  ranging  from  flat  plates79'81,  to  cylindrical  curved 
plates.82'86  The  usual  limitations  encountered  with  the  IP  detectors  pertain  to  the  requirement  for 
an  external  IP  scanner.  This  can  compromise  the  reproducibility  in  the  IP  position,  besides 
involving  a  time-consuming  readout  step  for  these  two-dimensional  plates.  Other  limitations 
encountered  are  a  small  accessible  angular  range  in  flat  plate  geometry  and  low  spatial  resolution 
due  to  short  sample-to-plate  distances. 
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A  new  one-dimensional  curved  image  plate  (CIP)  detector  has  been  developed  by  the  PI 
in  collaboration  with  scientists  from  the  Hamburger  Synchrotronstrahlungslabor  (HASYLAB)  at 
the  Deutsches  Elekronen-Synchrotron  (DESY),  Hamburg,  Germany  as  well  as  scientists  at  the 
33BM-C  beamline  at  the  Advanced  Photon  Source  (APS)  at  Argonne  National  Laboratory 
(ANL),  Argonne,  IL,  USA.  This  detector  is  based  on  the  OBI  detector  previously  developed  at 
HASYLAB  87.  The  restriction  of  the  detector  to  one  dimension  (as  opposed  to  a  two-dimensional 
IP)  reduces  the  complexity  of  the  mechanics  and  the  time  for  the  readout  of  the  IP.  The  CIP 
detector  is  a  significant  improvement  over  the  previous  version,  particularly  in  terms  of 
resolution.  The  detector  has  been  designed  for  operation  in  conjunction  with  a  quadrupole  lamp 
furnace  to  conduct  in  situ  HTXRD  studies  on  polycrystalline  (or  powder)  specimens,  in  real  time, 
up  to  2000  °C  in  air  .  In  this  project,  this  detector  was  calibrated  and  used  to  conduct  HTXRD 
investigations  on  candidate  material  systems.  In  addition,  a  linear  silicon  strip  detector  (Si-Li 
detector)  was  also  used  in  studies  conducted  at  the  National  Synchrotron  Light  Source  (NSLS)  at 
the  Brookhaven  National  Laboratory  (BNL),  Upton,  NY.  In  the  following  sections  brief  details 
on  the  QLF  and  the  CIP  detector  are  presented. 

4.3.3. 1  Quadrupole  Lamp  Furnace 

The  Quadrupole  Lamp  Furnace  (QLF)  consists  of  four  infrared  halogen  lamps  (OSRAM 
Xenophot  HLX64635;  15V,  150W  each)  with  ellipsoidal  reflectors.74,75,77  The  radiation  emitted 
by  these  halogen  lamps  extends  from  the  visible  range  to  the  far  infra-red  range  (approximately 
500  nm  to  2500  nm).  According  to  the  manufacturer’s  specifications,  the  relative  spectral 
intensity  distribution  for  these  lamps  shows  an  asymmetric  distribution  with  a  maximum 
intensity  at  ~  800  nm,  gradually  sloping  towards  the  higher  wavelengths.  The  reflecting  surface 
is  coated  with  gold,  to  enhance  infrared  reflectivity,  and  is  a  part  of  an  ellipsoid  with  a  long  axis 
of  27.5  mm,  and  a  short  axis  of  22  mm.  The  bulb  is  cemented  in  the  reflector  housing  such  that 
the  center  of  the  tungsten  filament,  with  dimensions  3  mm  x  1  mm  x  5  mm  (length  x  width  x 
height),  is  located  at  one  focus  of  the  ellipsoid.  The  real  image  of  the  lamp  filament  is  expected 
to  form  at  the  second  focus,  approximately  19  mm  away  from  the  edge  of  the  reflector,  in  free 
space.  The  four  lamps  are  arranged  in  a  water-cooled  brass  housing  such  that  the  second  focus  is 
common  to  all  the  four  reflecting  ellipsoidal  surfaces.  The  schematic  in  Fig.  8  shows  the 
intersection  of  the  real  images  of  the  lamp  filaments  to  generate  the  expected  thermal  image  or 
the  “hot  spot”.  The  bulb  housing,  where  the  bulb  is  cemented  into  the  reflector,  and  the  body  of 
the  furnace  is  water  cooled.  The  QLF  is  used  in  conjunction  with  synchrotron  radiation  to  collect 
high  resolution  in  situ  HTXRD  data  on  polycrystalline/powder  oxide  ceramics  in  air.  A  specially 
designed  stage  is  used  to  mount  the  furnace  on  a  Huber  4-circle  goniometer. 

Fig.  9  shows  the  furnace  set  up  at  the  33BM-C  beamline  at  APS,  ANL,  Argonne,  IL.  The  furnace 
has  a  circular  port  for  the  synchrotron  beam  entry  and  a  vertical  slit  of  4.2  cm  (height)  x  0.7  cm 
(width)  on  the  detector  end,  for  the  diffracted  beam.  This  finite  beam  slot  imposes  a  restriction 
on  the  accessible  20  span  of  -35°  for  the  diffracted  beam.  In  order  to  obtain  a  reasonably  useful 
powder  pattern  X-ray  radiation  with  a  wavelength  X  <  0.75  A  was  used  in  HTXRD  investigations 
conducted  either  at  X-14A  beamline  at  NSLS,  or  the  33BM-C  beamline  at  APS. 
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Figure  8.  Schematic  to  show  the  intersection  of  the  real  images  of  lamp  filaments  to  generate  the 
thermal  image  or  the  “hot  spot”.74 


Figure  9.  Photograph  of  the  quadrupole  lamp  furnace  in  operation  at  the  UNICAT  33BM 
beamline  at  APS,  Argonne  National  Laboratory,  Argonne,  IL. 

The  four  halogen  lamps  in  the  QLF  are  connected  in  series  and  the  temperature  at  the  hot¬ 
spot  of  the  furnace  is  controlled  to  within  ±2°C  using  a  control  thermocouple  (Type  B,  Pt30%Rh 
-Pt6%Rh;  Omega  Engineering,  Inc.,  CT,  USA)  with  a  temperature  controller  (Honeywell 
Universal  Digital  Controller  UDC3300,  Honeywell,  Inc.).  A  peculiarity  of  the  thermal-image 
technique  is  that  the  temperature  of  the  sample  in  the  focused  thermal  image  hot-spot  itself  is 
dependent  upon  various  factors,  notably  its  absorptivity,  emissivity  and  thermal  conductivity,  at 
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the  wavelength  of  the  lamps  used.  Therefore,  the  control  thermocouple  is  used  just  as  a  guide  for 
temperature  selection  for  the  purpose  of  furnace  ramp-up,  i.e.,  only  to  control  power  supply  to 
the  lamps.  It  does  not  reflect  the  actual  sample  temperature,  which  is  determined  experimentally, 
using  an  internal  thermometer  material  which  has  a  well  characterized  thermal  expansion 
behavior  (e.g.  Pt). 

4. 3. 3.2  Curved  Image  Plate  (CIP)  detector 

The  new  Curved  Image  Plate  (CIP)  detector  which  has  been  designed  by  the  PI  for  X-ray 
diffraction  investigations  of  ceramics  using  synchrotron  radiation  is  shown  in  Fig.  10.37’ 87  It  has 
been  configured  primarily  for  use  with  the  QLF.  ’  ’  The  CIP  detector  is  a  curved,  one¬ 
dimensional  detector  which  simultaneously  records  the  entire  diffraction  pattern  in  the  20  range 
0°  to  37°  on  a  photostimulable,  curved  image  plate.  The  working  principle  and  design  of  the 
newly  developed  CIP  detector  are  as  follows.  The  detector  is  constructed  as  a  section  of  a  circle 
with  the  polycrystalline  sample  in  its  center.  The  X-radiation  creates  color-centers  in  a 
photostimulable  phosphor  (Fujifilm  BAS-IP  SR  2040)  glued  on  a  cylindrically  curved  aluminum 
plate.  The  stored  latent  image  is  read  by  a  scanner  consisting  of  a  red  laser  diode  and  a 
photomultiplier  tube  (Hamamatsu  H5784),  both  shielded  in  a  specially  designed  scanner-head. 
The  scanner-head  is  fixed  on  a  mobile  carriage  guided  by  a  curved  rail  and  is  driven  by  a  linear 
motor  that  can  be  positioned  with  an  accuracy  of  better  than  10  micrometers  to  read  the  exposed 
image  plate.  The  position  information  of  the  carriage  is  provided  by  an  optical  tracking  system 
with  a  grid  resolution  of  20  micrometers,  which  can  be  electronically  increased  to  below  1 
micrometer.  The  scanner-head  consists  of  an  integrating  optical  sphere  in  combination  with  a 
laser  diode  and  a  photomultiplier  tube  (PMT).  After  the  exposure  of  the  image  plate, 
luminescence  is  stimulated  by  the  adjustable  line  focus  laser  diode.  The  laser  beam  passes 
through  the  integrating  sphere  and  stimulates  the  image  plate.  The  resulting  emitted  light  is 
collected  by  the  integrating  sphere  and  measured  by  the  PMT.  The  output  voltage  from  the  PMT 
is  converted  by  an  analogue/digital-converter  in  real-time  and  stored  temporarily  in  a 
microcontroller.  After  readout  the  data  is  transferred  via  TCP/IP  to  the  main  computer.  The 
remaining  intensity  on  the  image  plate  is  then  erased  by  a  halogen  lamp,  which  is  placed  next  to 
the  scanner-head,  to  prepare  the  detector  for  its  next  exposure. 

The  device  is  computer  controlled.  The  detector  is  capable  of  detecting  and  storing  X-ray 
intensity  information  proportionally  over  a  wide  dynamical  range  of  at  least  five  orders  of 
magnitude.  It  does  not  require  any  complex  geometrical  correction  algorithms  in  order  to  extract 
the  data  from  the  X-ray  detector.  Since  the  detector  is  curved,  the  diffracted  X-rays  are  incident 
normal  to  the  detector  and  thus  do  not  induce  any  gnomonic  distortion  errors,  thereby 
eliminating  any  need  for  complex  correction  algorithms  and  retaining  the  fidelity  of  experimental 
diffraction  pattern. 

Experiments  with  the  CIP  detector  system  involve  a  typical  exposure  time  of  a  few 
seconds  up  to  a  few  minutes  depending  on  the  sample  scattering  strength.  Furthermore,  the  on¬ 
site  reader  capability  enables  extraction,  transfer,  and  storage  of  X-ray  intensity  information  in  < 
30  seconds  thereby  increasing  the  measurement  throughput  by  2-3  orders  of  magnitude. 

Since  the  detector  is  read  in  place,  calibration  is  necessary  only  once  after  each 
installation.  As  the  output  of  the  scanning  process  yields  intensity  versus  position,  the 
transformation  from  pixel  values  to  scattering  angles  is  performed  at  the  main  computer  via  a 
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Figure  10.  A  side-view  of  the  CIP  detector  at  the  33-BM  UNICAT  facility  at  APS,  ANL, 
Argonne,  IL. 


polynomial  function.  The  parameters  of  this  polynomial  are  determined  from  a  reference  pattern 
of  a  suitable  standard  that  has  to  be  measured  after  alignment  of  the  setup. 

Assuming  parallel  beam  geometry  the  main  contribution  to  the  instrumental  resolution 
function  in  this  setup  is  the  projection  of  the  capillary  on  the  imaging  plate.  Therefore,  reflection 
half-widths  and  peak  shapes  are  influenced  by  the  capillary  diameter  and  the  distance  between 
capillary  and  image  plate.  Taking  into  account  the  sample-to-detector  distance  of  1045  mm  in  the 
designed  CIP  detector,  the  size  of  the  focal  spot  of  the  laser  beam,  the  grain  size  of  the  image 
plate  materials  and  the  typical  size  of  a  sample,  a  full  width  at  half  maximum  (FWHM)  below 
0.02  degrees  is  easily  possible  for  the  Bragg  reflections.  The  intrinsic  resolution  of  the  CIP 
detector  was  measured  as  0.007°  for  a  typical  wavelength  of  0.7  A  with  a  0. 1mm  capillary 
sample  of  SRM  660a,  LaB6  standard  for  powder  X-ray  diffraction.  This  translates  into  accuracy 
of  at  least  0.001°  in  peak  position  or  approximately  0.0001  A  in  lattice  spacing.  Fig.  1 1  compares 
the 
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Figure  11.  Comparison  of  FWHM  measured  using  the  LaB6  standard  for  different  capillary  sizes, 
at  the  same  incident  wavelength.  The  FWHM  measured  using  an  analyzer  crystal  is 
also  included  for  comparison. 

FWHM  of  the  SRM  660a  standard  peaks  measured  using  the  CIP  detector  with  a  Si  (1 1 1) 
analyzer. 
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5.  Results  and  Discussion 

5.1  Literature  Search 

A  comprehensive  search  of  the  available  literature  from  1890’s  on  thermally- induced 
phase  transformations  in  ceramic  oxides,  conducted  in  this  project,  has  resulted  in  collection  of  > 
8000  articles.  The  elements  included  in  the  search  are  shown  in  the  Periodic  Table  in  Fig.  12. 

The  elements  excluded  and  the  reason(s)  for  exclusion  from  the  search  are  presented  in  Table  6. 
The  search  was  restricted  to  crystalline  mono  and  binary  compounds  which  included:  borates, 
carbonates,  aluminates,  silicates,  phosphates,  gallates,  germanates,  titanates,  niobates,  and 
tantalates.  The  focus  of  the  research  was  on  phase  transformations,  crystal  structures  and  thermal 
properties,  and  appropriate  keywords  were  identified  for  an  exhaustive  search.  For  example, 
phase  transformation  is  the  preferred  usage  for  ceramists  while,  phase  transition  is  more  common 
amongst  physicists  and  chemists.  Several  bibliographic  files  with  details  on  all  the  reference 
articles  have  been  created  and  digital  copies  of  the  articles  were  collected. 
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Figure  12.  The  Periodic  Table  of  elements  showing  the  expanse  of  the  literature  search,  to 
identify  ceramic  materials  with  reported  high  temperature  phase  transformation 
properties. 
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Table  6.  List  of  elements  excluded  from  search  for  high  temperature  phase  transformation 
properties. 


Elements  Eliminated _ 

Atomic  Numbers  89-103  and  >  104 
Group  7A  Elements/Halogens 
Group  Zero/Nobel  Gases 
Sulfur,  Selenium,  Tellurium 
Lead,  Thallium,  Mercury 
Radon,  Polonium 


Reasons  for  Elimination _ 

Unstable  and  Radioactive 
They  are  not  thermally  stable 
Gases 

They  Decompose  at  low  Temperatures 
Decompose  at  Low  temperature,  Poisonous 
Radioactive 


The  first  and  foremost  conclusion  reached  in  this  effort  was  the  significant  overlap  in  the 
scientific  literature  included  in  the  databases  screened  as  a  part  of  this  project.  Based  on  careful 
parsing  of  the  reports  generated  from  meticulous  searches  conducted  over  the  initially  identified 
38  databases  (see  Table  5),  a  subset  of  1 1  databases  was  identified  as  sufficient  and 
complementary  to  span  the  entire  spectrum  of  relevant  scientific  literature  on  ceramic  oxide 
material  systems  (see  Table  6). 

This  work,  undertaken  in  this  project,  has  certainly  identified  several  limitations  of  the 
existing  literature  regarding  the  high  temperature  properties  of  materials.  Inconsistencies  in 
measurement  units  and  nomenclature,  and  incomplete  information  on  sample  preparation,  are  the 
two  most  significant  drawbacks.  These  are  results  of,  perhaps,  the  cross-disciplinary  appeal  of 
phase  transformations  as  a  subject,  and  is  evident  from  literature  reports  by  chemists,  physicists, 
material  scientists,  geologists,  crystallographers,  and  metallurgists,  amongst  others.  Often  the 
results  presented  on  phase  transformations  in  material  systems  are  incomprehensible  due  to 
insufficient  information  regarding  sample  preparation,  characterization,  purity,  measurement 
conditions,  etc.  Another  major  finding  was  that,  there  are  no  specific  guidelines  for  reporting 
high  temperature  phase  transformation  properties  of  materials.  These  limitations  certainly  curtail 
the  progress  in  development  of  ceramic  oxides  for  advanced  aerospace  applications. 

One  of  the  key  outcomes  of  the  literature  search  component  of  this  project  was  the 
identification  of  a  definite  need  for  simple,  yet  comprehensive  guidelines  for  reporting  phase 
transformation  properties  of  materials.  This  will  enable  assimilation  of  widely  scattered 
information  on  the  subject,  as  well  as  streamline  future  efforts  focused  on  transformation 
behavior  in  materials.  Since  each  phase  can  be  represented  by  a  subset  of  fundamental  material 
properties,  such  as  thermal  expansion,  crystallographic  parameters,  etc.,  it  is  reasonable  that  a 
"relational  database”  can  be  used  to  catalog  known  phase  transformation  properties  of  materials. 
This  will  help  in  establishing  potential  trends  in  relevant  thermal  properties  of  oxide  materials, 
and  further  lead  to  identification  of  “new”  phases  for  closer  examination  of  their  thermal  phase 
transformation  properties. 

In  order  to  assimilate  scientific  information  on  the  key  properties  of  ceramic  materials 
relevant  to  high  temperature  phase  transformation  behavior,  the  framework  for  developing  a 
relational  database  has  been  developed.  Together  with  the  known  fundamental  high  temperature 
properties  of  these  materials,  such  as  thermal  expansion  etc.,  essential  details  on  the  methods 
used  for  their  measurement  will  also  be  documented  in  such  a  database.  This  will  facilitate  not 
only  efficient  data  parsing,  but  it  should  also  be  helpful  in  the  identification  of  useful  trends  in 
phase  transformation  properties  as  a  function  of  parameters  such  as  composition,  crystal 
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Table  7.  Comprehensive  listing  of  available  databases  for  this  project. 


Ifl 

• 

z 

© 

• 

Database 

Name 

Remarks 

1 

Chemical 
Abstracts  on  CD 

1987-Present  in  the  Chemical  Abstracts  Service 

2 

Conference 
Papers  Index 

1982-Present  in  the  Cambridge  Scientific 
Abstracts 

3 

Current  Contents 

1993-Present  in  OVID 

4 

Engineering 

Village 

Includes  COMPENDEX,  INSPEC,  NTIS. 

1 8  84-COMPENDEX,  1 968-INSPEC 

5 

GeoRef 

1785-Present  in  the  Cambridge  Scientific 
Abstracts 

6 

Materials 

Collection 

Database 

Includes  Aerospace  and  High  technology 
database,  World  Ceramic  Abstracts,  Ceramic 
Abstracts,  Composites  Industry  Abstracts, 
Engineered  Materials  Abstract,  Materials 

Business  File  and  Weldasearch.  Present  in 
Cambridge  Scientific  Abstracts 

7 

ProQuest  Digital 
Dissertations 

1861 -Present  in  ProQuest 

8 

Science.gov 

In  UIUC  Library  Database  Collection 

9 

Scirus 

In  UIUC  Library  Database  Collection 

10 

Scopus 

1960-Present  in  UIUC  Library  Database 
Collection 

11 

Web  of  Science 

Includes  ISI  citation  Databases  and  Science 
Citation  Index  expanded.  1980-Present  in 
Thomson-ISI 

structure,  ionic  size,  etc.  Key  features  of  a  Phase  Transformations  Database  are  presented  here  in 
Figs.  13-16.  The  Phase  Transformations  database,  if  developed,  will  serve  as  the  repository  for 
all  of  the  data  collected  in  the  scientific  literature  search.  All  data  will  be  stored  in  a  structured 
format  so  that  precise  queries  can  be  made  on  the  database.  Data  input  will  function  with  a 
simple  web  form  so  that  any  designated  user  can  do  data  population  from  anywhere.  Each  entry 
made  can  be  screened  by  database  administrator(s).  Since  the  information  in  the  database  will  be 
from  published  peer  reviewed  scientific  literature,  with  the  details  of  the  publication  included  as 
a  reference,  only  the  correctness  of  property  entries  and  their  conformity  with  the  pre-defined 
guidelines  such  as  units  of  measurement  etc.  will  have  to  be  monitored. 

The  structured  nature  of  the  data  in  the  database  will  allow  users  to  search  for  specific 
requirements  without  the  concern  that  their  query  will  miss  records  because  the  data  was 
presented  in  a  different — though  equivalent — notation.  This  normalization  of  the  data  will  open 
the  door  to  effective  data  mining  unlike  any  system  currently  available.  If  the  user  desires,  fuzzy 
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Figure  13.  Screenshot  of  the  browse  phase  feature  of  the  database.  In  this  view,  the  user  can  look 
for  phases  of  a  compound  by  name  or  formula,  or  the  user  can  view  phases  ordered  by 
temperature. 

searches  will  look  for  data  that  is  near  the  target  the  user  specified,  but  not  quite  on  target.  This 
will  allow  researchers  to  find  materials  that  they  may  not  have  considered  previously. 

The  database  should  allow  for  easy  access  to  all  of  our  collected  data  via  any  web 
browser  on  any  platform.  It  is  conceivable  that  the  database  will  not  be  restricted  to  internet-only 
use — an  advanced  query  language  can  be  developed  that  will  allow  for  database  query  for  users 
who  do  not  wish  to  use  the  form-based  search.  This  advanced  query  language  can  also  have 
interoperability  with  XQuery  allowing  for  external  applications,  such  as  MATLAB,  to  use  the 
database  and  data  directly.  The  Phase  Transformations  database  if  developed  using  open  source 
software  such  as  Python,  Django,  MySQL,  and  Ubuntu  Linux  will  allow  for  interoperability 
between  operating  systems,  ease  of  use,  cost-benefit  ratio,  and  performance  scalability.  Open 
standards  will  be  used  whenever  feasible.  This  approach  means  that  the  database  will  not  be 
confined  to  legacy  systems  years  from  now. 
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Figure  14.  Screenshot  of  a  single  compound  within  the  database.  All  data  entered  for  that 

compound  is  shown  in  a  concise  view.  Since  the  database  features  dynamic  properties 
of  unlimited  type  and  number,  properties  that  do  not  have  an  entry  for  the  current 
compound  are  not  shown. 
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Figure  15.  Screenshot  of  the  phase  transformation  search  feature  of  the  database.  Searches  are 
available  across  all  compounds  and  allow  data  ranges.  The  “similar  series”  box  shows 
part  of  the  fuzzy  search  feature.  In  the  box  is  another  phase  transformation  that  the 
database  thinks  might  be  of  use  to  the  user. 
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Figure  16.  Screenshot  of  the  property  search  feature.  Searches  are  available  across  all 

transformations  and  allow  data  ranges.  The  “similar  series”  box  shows  part  of  the  fuzzy 
search  feature.  In  the  box  is  another  compound  that  the  database  thinks  might  be  of  use 
to  the  user. 
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5.2  In  situ  High  Temperature  X-Ray  Diffraction  Using  Synchrotron  Radiation 

In  the  past  few  years,  the  Pi’s  research  group  at  the  University  of  Illinois  at  Urbana- 
Champaign  has  developed  the  Quadrupole  Lamp  Furnace  (QLF)  to  enable  in  situ  high 
temperature  X-ray  diffraction  (HTXRD)  investigations  of  oxide  ceramics  to  2000  °C  using 
synchrotron  radiation.74, 75, 77  The  QLF,  which  is  a  thermal  image  furnace,  has  been  successfully 
used  to  study  phase  transformations  in  rare  earth  niobates  and  titanates.  ’  ’  In  thermal-image 
furnaces,  radiation  emanating  from  the  heat  source  (filament)  is  typically  concentrated  (focused) 
onto  the  sample  using  some  kind  of  mirrors  thereby  affording  two  major  advantages  over 
conventional  resistance  heating  systems.88'90  Firstly,  the  highly  localized  heating  which  allows 
temperatures  in  excess  of  2000  °C  to  be  reached  in  air  or  in  an  oxidizing  atmosphere.  Secondly, 
there  is  no  sample  contamination  from  volatile  furnace  components  since  the  sample  is  heated 
through  the  absorption  of  a  focused,  high  intensity  light  beam.  More  recently,  The  Pi’s  research 
group  has  successfully  designed  and  implemented  a  curved  image  plate  (CIP)  detector37  with 
support  from  an  AFOSR  DURIP  award  (Award  #  FA9550-07- 1-0490).  The  CIP  detector  has 
been  configured  for  use  at  the  Advanced  Photon  (synchrotron)  Source  (APS)  at  Argonne 
National  Laboratory  (ANL).  The  performance  and  suitability  of  the  CIP  detector  to  collect  XRD 
patterns  at  high  resolutions  and  at  high  speeds  was  calibrated  during  this  project.  As  a  result, 
rapid  HTXRD  investigations  on  oxide  ceramic  systems  in  air,  were  made  possible  and  used  in 
this  project. 37,87 

The  unique  instruments  and  characterization  methods  explained  above  were  strategic  for 
success  in  exploring  and  understanding  high  temperature  properties  including  high  temperature 
thermal  expansion  and  phase  transformations  in  oxide  ceramics.  These  methods  allow  for  a 
variety  of  in-situ  investigations  to  probe  the  mechanism  of  transformation  at  high  temperatures  in 
air.  In  the  following  sections  (section  5.2.1  and  5.2.2)  key  results  on  the  performance  of  the  CIP 
detector  for  rapid  HTXRD  studies  and  the  relevance  of  studying  crystallographic  thermal 
expansion  using  HTXRD  are  discussed  with  suitable  examples. 

5.2.1  Rapid  High  Temperature  XRD  using  QLF  and  CIP  detector 

The  CIP  detector  has  been  developed  for  time-efficient  XRD  measurements  with 
reasonably  high  resolution  suitable  for  structural  refinement.  The  use  of  QLF  for  HTXRD 
investigations  on  ceramic  materials  up  to  2000  °C  in  air  has  already  been  successfully 
demonstrated.74, 75, 77  The  combination  of  CIP  detector  and  QLF  enabled  rapid  HTXRD 
experiments  to  study  thermal  expansions,  phase  transformations,  phase  diagrams  and  kinetics  of 
high  temperature  processes  such  as  decompositions.  In  a  typical  high  temperature  XRD 
experiment,  samples  are  heated  with  the  QLF,  and  the  crystal  structural  changes  will  be 
simultaneously  recorded  as  XRD  patterns,  using  synchrotron  radiation  and  the  CIP  detector.  The 
schematic  shown  in  Fig.  17  illustrates  the  setup  for  the  HTXRD  experiments  using  the  CIP 
detector.  This  was  the  configuration  in  which  all  the  experiments  were  conducted  at  33BM-C 
beamline  at  APS.  In  the  case  of  the  studies  conducted  at  X-14A  beamline  at  NSLS,  a  Si-Li 
detector91  was  used  instead,  although  the  overall  experiment  and  the  data  acquisition  and  analysis 
procedures  remained  the  same.  With  these  setup  it  is  possible  to  conduct  HTXRD  experiments  in 
both  transmission  and  reflection  modes.  Powder  samples  were  mounted  in  sapphire  capillaries 
for  transmission  mode  studies,  while  a  specially  designed  Pt-20%Rh  sample  holder  was  used  for 
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reflection  mode  HTXRD  experiments.  The  sample  temperature  was  determined  experimentally 
with  an  internal  thermometer  material,  which  has  a  well  characterized  thermal  expansion 


87 

Figure  17.  Schematic  of  the  HTXRD  experiments  conducted  with  the  CIP  detector  and  QLF. 

behavior  (e.g.  Pt  ’  ). ),  and  was  mixed  with  the  sample  powders.  The  XRD  patterns  are 
analyzed  by  whole  pattern  fitting  techniques  (e.g.  Rietveld  method72)  using  the  JADE  software 
(MDI,  Inc.,  Livermore,  CA,  USA)  to  extract  the  crystallographic  information. 

In  order  to  demonstrate  the  suitability  of  the  QLF+CIP  detector  configuration  for  rapid 
HTXRD  investigations,  MgO  and  Pt,  two  standard  materials  with  well  known  thermal  expansion 
behavior,72’92’93  were  selected.  Fine  particle  size  (0.15  -  0.45  mm)  Pt  powder  (Aldrich, 
Milwaukee,  WI)  was  mixed  with  MgO  powders  (Fisher  Scientific,  Pittsburgh,  PA)  using  a 
mortar  and  pestle  to  prepare  homogenous  powder  mixtures.  The  binary  sample  mixture 
contained  approximately  1%  by  weight  of  Pt.  These  sample  powders  were  mounted  in  the 
refractory  (Pt-20%Rh)  crucible,  and  HTXRD  patterns  were  acquired  over  a  range  of 
temperatures  while  heating.  The  experiments  were  conducted  in  asymmetric  reflection  geometry 
with  an  incident  angle  of  0  =  5°  coupled  with  rocking  for  ±  2°  for  improved  counting  statistics. 
The  asymmetric  diffraction  conditions  used  for  this  experiment  were  not  optimized  to  reproduce 
symmetric  mode  (0-20  scan)  or  transmission  mode  intensity  distribution  in  the  XRD  pattern. 
However,  the  data  was  adequate  for  extraction  of  lattice  constants  of  the  component  phases  to 
determine  the  thermal  expansion  coefficients.  The  sample  temperature  and  displacement  is 
determined  by  whole  pattern  fitting  of  the  reference  phase  (Pt). 

The  series  of  HTXRD  patterns  acquired  from  room  temperature  to  a  set  temperature  (Tset) 
of  1000  °C  are  shown  in  Fig.  18.  The  expansion  of  the  MgO  and  Pt  lattices  is  apparent  in  the 
gradual  shift  in  the  peak  positions  towards  larger  d-spacings.  Although  the  shift  in  the  peaks 
could  also  be  a  result  of  displacement  of  the  sample  holder,  this  effect  can  be  suitably  accounted 
for  during  whole  pattern  fitting  procedures.59  These  patterns  were  acquired  at  100  °C  temperature 
intervals  with  an  exposure  time  of  only  60  seconds  at  each  temperature,  an  incident  slit  size  of 
0.1  mm  (H)  X  3  mm  (W)  and  0.700573  A  wavelength.  To  increase  counting  statistics  and  the 
S/N  ratio,  the  same  exposure  of  the  IP  was  read  out  two  times.  The  readout  and  erasure  of  the  IP 
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took  about  6  seconds  each  and  the  data  conversion  and  transfer  about  10  seconds.  The  change  of 
temperature  was  the  slowest  step  in  these  experiments.  The  PID  values  on  the  temperature 
controller  were  conservatively  set  in  order  to  avoid  any  overshooting  of  the  temperature.  The 
entire  series  of  experiments  which  involved  acquisition  of  1 1  X-ray  diffraction  patterns,  from 
room  temperature  to  1000  °C  could  be  completed  in  72  minutes.  The  time  required  for  HTXRD 
data  acquisition  using  the  CIP  detector,  which  also  included  1  minute  of  exposure  time,  was  only 
23  minutes  for  the  1 1  XRD  scans.  In  comparison,  a  similarly  designed  experiment  using  a 
scintillation  detector,  which  is  step  scanned  from  5°  to  35°  20  in  steps  of  0.01°,  would  take  about 
1 1  hrs  (or  6600  minutes),  and  still  produce  data  with  less  than  half  the  resolution  afforded  by  the 
CIP  detector. 


20  (Deg.) 


1000C 


Room  Temp 


Figure  18.  Crystallographic  thermal  expansion  measurements  of  MgO  from  HTXRD  studies 
using  the  CIP  detector  and  QLF.  (Note:  Tset  =  1000  °C  actually  corresponds  to 
approximately  1600  °C  actual  sample  temperature). 


5.2.2  Relevance  of  Understanding  the  Crystallographic  Thermal  Expansion  Behavior  of 
Material  Systems 

Thermal  expansion  is  one  of  the  commonly  studied  material  properties.  Thermal 
expansion  coefficients  often  change  dramatically  with  temperature,  especially  when  phase 
transformations  are  involved.  It  is  well  known  that  there  exists  in  solids  two  kinds  of  phase 
transformations:  the  first-order,  and  the  second-order  (continuous  transformations,  Curie  points, 
lambda-points;  transformations  of  higher  order).  The  first-order  transformations  are 
characterized  by  discontinuous  changes  in  energy,  volume  and  crystal  structure  and  singularities 
in  the  first  order  derivatives  of  free  energy.  On  the  other  hand,  second-order  transformations  are 
accompanied  by  continuous  changes  in  energy  and  volume  with  singularities  in  the  second-order 
derivatives  of  the  free  energy.  Generalizing  this,  a  transformation  is  one  of  nth- order  if  it  has  a 
discontinuity  in  the  nth  derivative  of  the  free  energy.  In  terms  of  thermal  expansion,  the  above 
can  be  summed  up  as  follows.  At  first-order  phase  transformations  there  are  discontinuities  in 
volume  and  strain,  at  second-order  transformations  there  are  discontinuities  in  coefficients  of 
thermal  expansion,  and  at  third-order  transformations,  discontinuities  in  the  slopes  of  the 
expansion  coefficients. 
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While  the  preceding  understanding  is  fairly  straightforward,  it  is  important  to  appreciate 
that  at  the  microscopic  level,  a  phase  transformation  is  generally  accompanied  by  a  change  of  the 
global  or  local  atomic  configuration.  The  structural  data,  i.e.  the  specification  of  the  differences 
in  atomic  configurations  between  two  phases,  or  the  study  of  the  local  ordering  precursor  to  a 
transformation,  are  thus  essential  clues  to  the  understanding  of  the  mechanism  of  the 
transformation  considered.  In  this  project,  focused  on  furthering  the  understanding  of  phase 
transformations  in  oxide  ceramics,  this  was  one  of  the  primary  motivations.  Therefore,  standard 
crystallographic  considerations,  aimed  at  the  determination  of  the  characteristics  of  a  lattice  and 
of  a  basis  were  fundamental  in  this  study  of  phase  transformations.  In  this  context,  it  becomes 
important  to  briefly  outline  the  current  understanding  and  classification  of  this  very  important 
property  of  materials. 

There  are  a  wide  variety  of  structural  phase  transformations  and  the  task  of  classifying 
them  has  been  attempted  from  several  standpoints.  The  most  important  distinction  is  that  made 
between  reconstructive  and  non-reconstructive  transformations.  This  distinction  stems  from  a 
comparison  of  the  crystal  structures  of  the  two  phases.  In  a  reconstructive  transformation  the 
distances  between  certain  atoms  change  by  amounts  similar  to  the  dimension  of  the  unit  cell,  and 
certain  chemical  bonds  between  neighboring  atoms  are  then  necessarily  broken.  If,  instead,  a 
transformation  preserves  approximately  the  configuration  of  the  chemical  bonds  between 
constituents,  the  transformation  is  non-reconstructive. 

There  are  other  classifications  which  partly  overlap  with  the  preceding  one  such  as 
displacive  transformations,  diffusionless  and  diffusion  assisted  transformations,  order-disorder 
transformations,  and  martensitic  transformations.  However,  owing  to  insufficient  understanding 
of  the  observations,  the  relationships  between  these  various  classifications  is  not  fully  clear  at 
present.  It  is  therefore  reasonable  to  restrict  the  terminology  structural  phase  transformations  to 
the  situation  of  only  a  fraction  of  the  phase  transformations  that  take  place  in  solids  and  imply  a 
modification  of  the  crystal  structure.  These  are  part  of  non-reconstructive  transformations 
between  homogenous  crystalline  phases.  It  is  customary  to  specify  that  a  structural 
transformation  only  slightly  alters  the  chemical  bond  lengths  (by  less  than  e.g.  0.1  A)  and  their 
relative  orientation  (by  less  than  e.g.  a  few  degrees).94 

Experimentally,  such  transformations  are  characterized  by  small  values  of  heat  of 
transformation  (less  than  a  few  calories  per  gram),  weak  discontinuities  in  the  relevant  physical 
quantities  (e.g.  lattice  parameters)  and  the  occurrence  of  a  symmetry  relationship  between  the 
two  phases  surrounding  the  transformation. 

In  the  simplest  case,  this  relationship  consists  of  the  fact  that  the  space  group  of  one  of 
the  phases  is  a  subgroup  of  the  space  group  of  the  other  phase,  and  that  there  is  a  specific 
correspondence  between  the  symmetry  elements  of  the  two  phases.  The  group-subgroup 
relationship  that  exists,  in  the  standard  situation,  between  the  space  groups  of  the  two  phases 
adjacent  to  a  structural  transformation  implies  that  the  point  group  of  one  phase  is  either  a 
subgroup  of  the  point  group  of  the  other  phase  or  is  identical  to  it.  If  the  two  point  groups  are 
identical,  the  corresponding  transformation  is  classified  as  non-ferroic.94  In  the  general  case,  the 
point  group  of  one  phase  is  a  strict  subgroup  of  the  point  group  of  the  other  phase.  The 
transformation  is  then  classified  as  ferroic.94  This  classification  provides  a  guiding  framework 
for  the  experimental  investigations. 

As  stated  earlier,  phase  transformations  are  accompanied  and  characterized  by 
discontinuous  changes  of  derivatives  of  the  free  energy.  Since  the  thermal  expansion  p  is  a 
second-order  derivative,  discontinuities  or  changes  of  slope  in  the  P(T)  curve  are  used  to  detect 
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and  to  describe  phase  transformations.  Thermal  expansion  is  a  symmetric  second  rank  tensor 
(denoted  by  ay  )  because  it  relates  strain  (uy,  a  second  rank  tensor)  with  temperature  (a  scalar 
entity).  Thermal  expansion,  i.e.  a  (or  p  for  volume  expansion),  is  proportional  to  the 
compressibility,  which,  in  turn,  is  a  rough  measure  of  the  interatomic  and  intermolecular  forces. 
In  general, 

1 .  Covalent  bonds  are  associated  with  very  small  thermal  expansions,  whereas  van  der 

Waals  bonds  give  rise  to  large  thermal  expansions 

2.  In  layer-like  structures,  the  maximum  thermal  expansion  occurs  normal  to  the  layers. 

3.  Thermal  expansion  decreases  when  the  density  of  weak  bonds  decreases 

Thermal  expansion  of  a  solid  is  a  consequence  of  the  anharmonicity  of  interatomic 
forces.95  If  the  potentials  were  harmonic,  the  atoms  would  oscillate  (even  with  large  amplitudes) 
symmetrically  about  their  equilibrium  positions  and  their  mean  central  position  would  remain 
unchanged.  In  order  to  describe  thermal  expansion,  the  anharmonicity  is  most  conveniently 
accounted  for  by  means  of  the  so-called  ‘quasiharmonic  approximation’,  assuming  the  lattice 
vibration  frequencies  to  be  independent  of  temperature  but  dependent  on  volume.  Anharmonicity 
is  taken  into  account  by  letting  the  crystal  expand,  but  it  is  assumed  that  the  atoms  vibrate  about 
their  new  equilibrium  positions  harmonically,  i.e.  lattice  dynamics  are  still  treated  in  the 
harmonic  approximation. 

In  order  to  measure  the  thermal  expansion  of  a  crystal,  at  least  as  many  independent 
measurements  are  necessary  as  the  ay  tensor  has  independent  components.  It  is  advisable, 
however,  to  carry  out  more  measurements  than  are  necessary.95  In  this  case  (of  redundancy),  a 
‘best’  set  of  tensor  components  is  to  be  determined  by  least-squares  methods.  Furthermore, 
instead  of  determining  the  tensor  components  of  a  triclinic  or  monoclinic  crystal  in  a  direct  way, 
it  is  also  possible  to  determine  first  the  temperature  change  of  the  crystallographic  unit  cell  and 
then,  by  formulae  given  e.g.  by  Schlenker  et  al.  (1978), 96  to  deduce  the  thermal  expansion  tensor 
components.  The  direct  approach  is  recommended,  however,  for  reasons  of  the  propagation  of 

97 

errors. 

The  experimental  techniques  of  measuring  relative  length  changes  A  HI  that  are  most 
widely  used  include  diffraction,  optical  interferometry,  pushrod  dilatometry  and  electrical 
capacitance  methods.  Since,  thermal  expansion  expresses  itself,  on  a  microscopic  scale,  by  a 
change  of  the  interplanar  spacings  of  lattice  planes,  it  can  be  measured  by  use  of  diffraction 
methods  from  changes  of  Bragg  angles  0.  Differentiation  of  the  Bragg  equation  2d  sin  0  =  X, 
giving  Ad/,/f/  /d hki  =  c o 1 0 * /c/ A 0 */c/ ,  yields  the  thermal  expansions  in  directions  normal  to  lattice 
planes  (hkl).95  Although  the  strain  tensor  uy  and  the  thermal  expansion  tensor  ay  in  general 
contain  components  with  i  ^  j  (shear  strains),  in  practice  only  longitudinal  effects,  i.e.  relative 
length  changes  A  HI  with  temperature  changes  AT,  are  measured  along  different  directions  and  the 
results  are  later  transformed  to  a  common  coordinate  system.  Diffraction  methods  directly  yield 
this  ratio  Al/1.  Other  measuring  techniques  require  separate  measurements  of  Al  and  /.  The  error 
in  the  measurement  of  l  can  usually  be  neglected.  Thus,  the  accuracies  of  Al  and  AT  limit  the 
accuracy  of  thermal  expansion  coefficients.  Since,  in  fact,  thermal  expansion  depends  on 
temperature,  in  principle,  smaller  intervals  should  be  chosen,  which,  in  turn,  enlarge  the  error  of 
AT.95  Therefore  accurate  determination  of  sample  temperature  is  very  important. 

Using  HTXRD,  it  is  possible  to  determine  the  “true  thermal  expansion”,  i.e.  thermal 
changes  in  crystal  structure  parameters  which  describe  the  arrangement  of  atoms  within  the 
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crystallographic  cell.  An  HTXRD  pattern  from  a  powder  sample,  which  constitutes  reflections 
from  numerous  crystallographic  planes  in  the  lattice,  allows  for  simultaneous  and  accurate 
determination  of  expansion  observed  in  several  directions  as  a  function  of  temperature.  It  thus 
provides  a  sensitive,  yet  robust,  probe  to  investigate  the  anharmonicity  in  the  atomic  vibrations 
and  various  other  crystal  properties  which  are  relevant  to  understanding  phase  transformation 
behavior  at  high  temperatures.  For  example,  it  is  reasonably  arguable  that  by  determining  the 
orientation  relationship  between  the  instantaneous  thermal  expansion  tensors  for  prototype  phase 
and  the  transformed  phase  at  the  transformation  temperature,  the  plane  of  invariant  strain  can  be 
determined.  This  can  be  very  useful  in  understanding  the  mechanism  leading  to  the  structural 
transformation.  In  an  ongoing  effort,  the  Pi’s  research  group  is  developing  software  to  determine 
the  thermal  expansion  tensor  from  HTXRD  studies  for  all  the  crystal  classes.  This  is  expected  to 
facilitate  a  clearer  understanding  of  the  thermal  expansion  properties  of  a  material  system  in  any 
crystallographic  direction,  or  along  any  atomic  bonds.  It  can  be  further  developed  to  derive 
structural  relationships  between  the  parent  and  transformed  phase. 

Example  HTXRD  studies  of  hafnia  (HfCE)  in  air  are  presented  below.  The  HfC>2  material 
system  was  not  studied  as  a  part  of  this  project,  however,  it  serves  as  a  good  example  to 
demonstrate  the  potential  of  the  method  developed  by  the  PI  to  study  high  temperature  properties 
of  material  systems  in  air.  The  thermal  expansion  coefficient  for  hafnia  was  determined  for  both 
the  monoclinic  and  the  tetragonal  phase,  as  well  as  a  -2.71%  volume  change  was  observed  at 
-1820  °C  on  heating  through  the  transformation  (Fig.  19  ).  Fig.  20  shows  the  polar  diagram 
representing  the  magnitude  of  the  coefficient  of  thermal  expansion  of  HfC>2  in  three  dimensions. 


Monodlnic  Lattice  Parameters 
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Figure  19.  In  situ  HTXRD  studies  of  the  monoclinic  to  tetragonal  transformation  in  hafnia  (HfCE) 
on  heating,  (a)  Variation  of  lattice  parameters  (b)  Variation  of  volume  to  indicating  a  - 
2.71%  change. 
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(a)  (b) 

Figure  20.  Three  dimensional  representation  of  the  thermal  expansion  coefficients  (CTEs)  of 

HfC>2  determined  from  powder  XRD  patterns  acquired  at  (a)  70  °C  and  (b)  1825  °C.  The 
CTE  values  along  the  x,  y,  and  z-axis  are  in  x  10'6/  °C. 

5.3  High  Temperature  Studies  on  Candidate  Material  Systems 

In  the  following  sections,  results  from  experimental  studies  conducted  on  candidate 
material  systems  in  this  project  are  presented.  Detailed  analysis  has  not  been  included  in  this 
report  as  it  is  still  underway,  and  will  be  presented  in  archival  publications  in  the  near  future,  and 
copies  will  be  forwarded  to  the  Program  Manager. 

5.3.1  Y2SiOs 

Background: 

Exposure  to  steam  in  high  temperature  combustion  environments  leads  to  accelerated 
oxidation  of  Si-based  ceramics  and  composites,  such  as  silicon  carbide  (SiC)  fiber-reinforced 
SiC  ceramic  matrix  composites  (SiCf/SiC  CMCs)  and  monolithic  silicon  nitride  (SflSU),  and 
severely  limits  their  application  in  gas  turbine  engines.  The  research  has  focused  on  identifying  a 
new  top  coat,  to  replace  the  current  BSAS  ( 1  -xBaO-xSrO-AECf^SiCE,  0<x<l )  top  coat,  that  has 
1482  °C  (2700  °F)  temperature  capability  and  chemical/mechanical  compatibility  with  the 
mullite  or  mullite  +  BSAS  intermediate  coat  at  1400  °C  (2552  °F)  or  higher.98  Considerable 
research  in  the  development  of  environmental  barrier  coatings  (EBCs)  has  indicated  the 
superiority  of  rare-earth  silicate  based  EBCs  over  aluminosilicate  based  second  generation  EBC 
systems,  both  with  respect  to  high  temperature  capability  and  durability  due  to  their  low  thermal 
expansion  and  phase  stability.  Yttrium  silicate  (YaSiOs),  which  is  monoclinic  in  structure  and 
has  at  least  two  known  polymorphs,  is  one  of  the  promising  materials  for  an  oxidation  protection 
coating  for  Si-based  composites,  partly  because  it  has  good  erosion 
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Figure  21.  Phase  diagram  of  the  Y203-Si02  system  where  the  oxide  ratios  of  compounds  are 
given  as  Y203:Si02." 

resistance  and  low  oxygen  permeability  at  high  temperatures.  However,  thermal  expansion 
mismatch  between  the  coating  and  substrate  materials  and  volume  changes  on  phase 
transformation,  if  any,  can  lead  to  microcracking,  which  will  eventually  result  in  reduced  lifetime 
of  the  component.  A  comprehensive  understanding  of  the  thermal  expansion  behavior  and  any 
phase  transformation  in  Y2SiC>5  is  essential  in  order  to  develop  coherent  and  oxidation  resistant 
EBC. 

The  Y2O3  -  SiC>2  phase  diagram  which  is  typical  of  the  rare  earth  phase  diagrams  is 
shown  in  Fig.  21  above.  In  this  project  the  1:1  composition,  i.e.  yttrium  monosilicate  (Y2Si05) 
was  selected  for  further  exploration  of  its  thermal  behavior  at  high  temperatures  in  air.  The 
crystal  of  yttrium  silicate  has  two  polymorphs,  both  of  which  are  monoclinic  with  space  groups 
P121/cl  for  the  low-temperature  (termed  LT)  phase  and  712/a  1  for  the  high-temperature  (HT) 
phase.100  The  transformation  temperature  reported  so  far  ranges  from  1 190  °C  to  850°C.  The 
lattice  parameters  of  the  LT  and  the  HT  phase  are  included  in  Table  8,  and  the  crystal  structure 
of  the  HT  phase  is  shown  in  Fig.  22.  The  crystal  structure  of  the  HT  phase  consists  of  YC>6 
octahedra  and  SiC>4  tetrahedra.  For  the  LT  phase,  there  are  two  types  of  Y  sites;  one  is 
coordinated  by  nine  oxygen  atoms,  and  the  other  is  coordinated  by  seven  oxygen  atoms.  The 
atomic  arrangements  in  the  two  structures  are  quite  different  from  each  other;  hence,  the  phase 
transformation  is  expected  to  be  of  the  reconstructive  type.100  The  high-  temperature  phase  is 
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metastably  obtained  at  ambient  temperature  because  of  the  extreme  sluggishness  of  the  phase 
transformation. 1 00 

Table  8.  Reported  polymorphs  of  Y2SiOs. 


Low  Temperature 
Phase 

High  Temperature  Phase 

a  (A) 

9.0295 

12.4981 

14.3797 

6(A) 

6.9255 

6.7293 

6.7180 

<•(  A) 

6.6553 

10.4225 

10.4077 

P(°> 

106.57 

102.719 

122.19 

'  3 

V(A ) 

398.89 

855.06 

850.87 

Space  Group 

P21/c 

I2/a 

C2/c 

Figure  22.  Crystal  structure  of  the  HT-YiSiOs. 

Powder  samples  of  Y2SiOs  were  synthesized  by  the  organic  steric-entrapment  method. 
Following  preliminary  thermal  analysis  studies,  HTXRD  studies  were  conducted  on  powder 
samples  using  synchrotron  radiation  to  detect  any  phase  transformations  and  changes  in  unit-cell 
dimensions  with  temperature  (up  to  1500  °C  in  air).  The  lattice  distortions  induced  by  thermal 
expansion  were  evaluated  to  determine  the  directions  and  magnitudes  of  the  principal  axis 
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components  of  the  thermal  expansion  tensor.  Detailed  analysis  of  the  observed  thermal 
expansion  behavior  of  Y2SiOs  was  conducted. 

Experimental  Procedures: 

Yttrium  monosilicate  ^SiCL)  powders  were  synthesized  using  the  organic  steric 
entrapment  (PVA)  method101"103  followed  by  powder  attrition  milling.  The  processing  flowchart 
for  synthesis  of  Y2SiOs  powder  is  shown  in  Fig.  23.  Yttrium  nitrate  hexahydrate  (Y(N0:,)3*6H20) 
(reagent  grade,  Aldrich  Chemical  Co.,  Milwaukee,  WI)  was  used  as  a  source  for  Y,  while  Ludox 
SK  colloidal  Si02  (25  wt%  SiC>2  sol,  DuPont,  Wilmington,  DE)  was  used  to  provide  the  SiC>2. 
These  cation  sources  were  mixed  in  stoichiometric  ratios  in  deionized  water.  To  improve  the 
solubility  of  the  Ludox  SK,  the  pH  value  of  the  solution  was  adjusted  by  addition  of  nitric  acid. 
Once  the  cations  sources  were  completely  dissolved,  the  5  wt%  PYA  solution  (polyvinyl  alcohol, 
205S,  Celanese  chemicals  Inc.,  Dallas,  TX,  USA)  was  added.  Water  was  evaporated  by 
continuous  magnetic  stirring  and  later,  hand  stirring  with  glass  rods  during  heating  on  a  hot  plate, 
until  the  decomposition  of  the  organic/inorganic  precursors.  The  products  of  the  decomposed 
organic/inorganic  precursors  were  ground  and  annealed  at  a  heating  rate  of  5  °C/min,  in  air 
atmosphere  in  a  box  furnace  at  800  °C  for  1  h,  and  white  powders  were  obtained.  To  obtain  finer 
and  more  uniform  particles,  the  annealed  powder  derived  from  the  PVA  technique  was  subjected 
to  wet  attrition  milling  using  5  mm  ZrC>2  balls  as  milling  media,  and  isopropyl  alcohol  (IP A)  as 
the  solution.  The  IP  A  was  subsequently  evaporated  at  125  °C  in  an  oven,  and  the  powders 
obtained  were  sieved  through  a  30-40  micron  sieve.  The  powder  was  subjected  to  further  heat 
treatment  in  air  atmosphere  at  different  temperatures  (800,  1000,  1300,  1500  and  1650  °C) 
holding  for  1  h,  using  a  heating  rate  of  5  °C/min  and  cooled  down  at  5-10  °C/min,  to  identify  the 
optimum  conditions  to  obtain  crystalline  Y2SiC>5  powders.  Crystalline  composition  of  the  as- 
milled  and  as-annealed  yttrium  silicate  powder  at  different  temperatures  was  evaluated  by 
powder  X-ray  diffraction  using  the  Rigaku  D/Max  diffractometer  (Rigaku,  Tokyo,  Japan) 
equipped  with  a  CuKa  radiation  source.  XRD  patterns  were  acquired  over  a  wide  20  range  (5  to 
75°)  at  a  scanning  speed  of  0.47min  with  a  sampling  interval  of  0.02°,  and  are  included  in  Fig.  24. 
When  calcined  at  800  °C,  the  diffraction  peaks  were  wide  and  low  in  intensity,  suggesting  the 
presence  of  low  crystallinity  in  the  sample.  When  annealed  at  1300  °C  for  1  h,  low  temperature 
Y2SiC>5  phase,  i.e.  LT-Y2Si05,  was  the  predominant  crystalline  phase  detected.  Upon  heating  to 
1500  °C,  high  temperature  Y2Si05  phase,  i.e.  HT-Y2Si05,  was  the  only  crystalline  phase  present. 
The  XRD  pattern  acquired  using  powders  heated  to  higher  temperatures  did  not  show  any  change, 
thereby  confirming  that  pure  HT^SiOs  could  be  successfully  synthesized  at  1500  °C.  Since  all 
the  XRD  patterns  (in  Fig  24)  were  acquired  at  room  temperatures,  it  was  concluded  that  the  HT- 
Y2Si05  was  stable  and  did  not  transform  back  to  the  LT-Y2Si05  phase  upon  cooling.  The  HT- 
Y2Si05  powder  samples  were  used  to  conduct  preliminary  TGA/DSC  studies  to  verify  phase 
stability  and  identify  any  phase  transformations  occurring  upon  heating.  Sintered  cylindrical  bars 
were  also  prepared  and  studied  using  dilatometric  methods.  Lastly,  the  HTXRD  studies  were 
conducted  using  HT^SiOs  powder  samples  to  understand  the  thermal  expansion  behavior  of 
this  material  system. 
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Figure  23.  Processing  flowchart  of  the  Y2SiOs  ceramic  powders  by  the  PVA  method. 
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Figure  24.  Room  temperature  XRD  patterns  from  the  synthesized  Y203.Si02  sample  powders 
when  heat  treated  to  800°C,  1300°C,  and  to  1500°C  in  air  for  1  hour  each. 

Preliminary  Investigations: 

Powder  samples  of  the  synthesized  HT-Y2Si05  phase  were  studied  using  DSC/TGA. 
Results  of  these  studies  are  included  in  Fig.  25  for  a  cooling  run  where  the  sample  was  cooled 
from  1500  °C  to  25  °C  at  the  rate  of  25  °C/min  in  air.  The  TGA  curve  was  invariant  with 
temperature  indicating  no  change  in  weight,  and  confirmed  that  the  sample  was  stable  and  did 
not  undergo  any  decomposition  or  volatilization  up  to  1500  °C.  No  evidence  of  any  phase 
transformation  or  change  was  detected  in  the  DSC  curve,  once  again  confirming  that  the  HT- 
Y2Si05  phase  was  stable.  This  was  also  confirmed  from  the  dilatometric  studies  (see  Fig.  26) 
where  a  sintered  cylindrical  bar  (approximately  95%  dense)  was  cycled  through  heating,  soaking, 
and  cooling  in  the  temperature  range  extending  from  25  °C  to  1500  °C  in  air  at  the  rate  of  3 
°C/min.  The  decrease  in  length  observed  in  Fig.  27  was  a  result  of  sintering  of  the  sample. 
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Figure  25.  DSC/TGA  studies  on  HT-Y2Si05. 
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Figure  26.  Dilatometry  studies  on  HT-Y2S1O5. 
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Figure  27.  In-situ  HTXRD  patterns  of  HT-Y2Si05. 

HTXRD  Studies: 

HTXRD  investigations  were  conducted  on  powder  samples  of  the  synthesized  HT-Y2SiOs 
phase  using  the  QLF  at  X14A  beamline  at  NSLS.  X-rays  with  wavelength  X  =  0.738236  A  were 
used  along  with  a  640  channel  Si-linear  strip  detector.  A  powder  sample  was  mounted  in  a 
sapphire  capillary  which  was  rotated  during  data  acquisition  in  transmission  geometry.  Sample 
temperature  was  determined  from  the  expansion  of  Pt,  which  was  mixed  with  the  sample  powder. 
Only  a  segment  of  the  acquired  20  range  in  the  HTXRD  patterns  is  presented  in  Fig.  27  to 
highlight  the  changes  upon  heating  as  well  as  cooling.  The  Bragg  peaks  moved  towards  lower  20 
values  when  the  sample  was  heated,  signifying  lattice  expansion,  and  moved  toward  higher  20 
on  cooling,  signifying  lattice  contraction.  The  HTXRD  dataset  was  analyzed  by  whole  pattern 
fitting  methods  using  JADE  software  (MDI,  Inc.,  Livermore,  CA,  USA).  Continuous  expansion 
was  observed  along  all  crystallographic  axes  and  the  monoclinic  angle  decreased  from  122.2°  to 
121.9°  (see  Fig.  28).  This  data  was  used  to  calculate  the  coefficient  of  thermal  expansion  (CTE) 
along  the  a-,  b-  and  the  c-axes,  and  also  the  crystal  volume.  Fig.  29  shows  the  variation  of  the 
CTEs  with  temperature  and  the  representative  polynomial  expressions  are  included  in  Table  9. 
Second  order  polynomials  were  used  as  they  fit  the  CTE  data  best,  both  in  terms  of  the  statistical 
goodness-of-fit  parameter  as  well  as  the  randomness  of  residuals. 
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Figure  28.  Lattice  expansion  of  FIT^SiOs. 


Figure  29.  CTEs  along  different  crystallographic  axes  in  HT-Y2SiOs. 
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Table  9.  Thermal  expansion  of  HT^SiOs  as  determined  from  HTXRD  studies  using 

synchrotron  radiation.  Polynomial  expressions  for  CTEs  along  each  of  the  crystal  axis, 
and  for  volume  expansion  are  reported  for  20  to  1455  °C  temperature  range. 


Lattice  Parameter 

Coefficient  of  Thermal  Expansion  (°C"1) 

Temperature  (°C) 

a 

aa  =  1.89  x  10'6  -  9.57  x  1010  (T-20)  +  7.17  x  1013  (T-20)2 

20-  1455 

b 

ab  =  6.67  x  10'6  +  2.01  x  10'9  (T-20)  +  2.67  x  1013  (T-20)2 

20  -  1455 

c 

ac  =  8.61  x  10"6  +  1.39  x  10"9  (T-20)  +  5.95  x  1013  (T-20)2 

20  -  1455 

Volume 

p  =  1.87  x  10'5  +  3.96  x  10'9  (T-20)  +  1.01  x  1012  (T-20)2 

20  -  1455 

The  thermal  expansion  coefficient  of  the  crystal  can  be  easily  calculated  from  the 
polynomial  that  represents  the  lattice  parameter  as  a  function  of  the  temperature.  However,  in  the 
general  case,  these  data  do  not  allow  one  to  describe  completely  the  thermal  behavior  of  the 
crystal.  Since  the  strain  in  crystals  is  described  by  a  second-rank  tensor,  correspondingly,  the 
thermal  expansion  is  also  represented  by  the  second-rank  tensor.  It  is  more  convenient  to 
represent  the  tensor  in  the  form  reduced  to  the  principal  axes,  i.e.,  in  the  Cartesian  coordinate 
system  in  which  the  tensor  is  described  by  the  diagonal  matrix.  The  crystal  symmetry  imposes 
limitations  on  the  thermal  expansion  tensor.  There  is  a  definite  relationship  between  the 
Cartesian  coordinate  system  of  the  CTE  tensor  and  the  crystallographic  axes.  In  crystals  of  the 
cubic  crystal  system,  all  diagonal  components  of  the  thermal  expansion  tensor  (ai,  012,  as)  are 
equal  to  each  other,  the  other  components  are  identically  equal  to  zero,  and  the  principal  axes  can 
be  chosen  in  an  arbitrary  manner  (it  is  common  practice  to  choose  them  in  parallel  to  the 
crystallographic  axes).  Crystals  of  the  oblique  crystal  systems  (monoclinic,  triclinic),  however, 
occupy  a  special  place.  In  this  case,  the  problem  associated  with  the  determination  of  orientation 
of  the  principal  axes  and  the  principal  components  of  the  thermal  expansion  tensor  with  respect 
to  the  crystal  axes  is  not  straightforward.  The  solution  of  this  problem  requires  additional 
calculations,  and  researchers  often  restrict  themselves  only  to  the  calculation  of  the  thermal 
expansion  coefficients  along  the  crystallographic  axes. 

In  the  case  of  HT-Y2Si05,  the  thermal  expansions  perpendicular  to  several  hkl  planes 
(more  than  200)  were  used  to  determine  the  thermal  expansion  tensor  by  least  squares  methods. 
Subsequently,  the  tensor  was  transformed  to  principal  axes  components  or  eigenvectors.  Fig.  30 
shows  the  variation  of  the  CTE  tensors  principal  axis  components  with  temperature  and  the 
representative  polynomial  expressions  are  included  in  Table  10.  Since  the  coefficients  of  thermal 
expansion  depend  on  temperature,  the  directions  of  the  principal  axes  of  the  quadrics  in  triclinic 
and  monoclinic  crystals  also  changes  with  temperature  (except  the  principal  axis  parallel  to  the 
two-fold  axis  in  monoclinic  crystals).  In  Fig.  31  the  variation  in  the  angle  between  the  principal 
axes  of  the  CTE  tensor  and  the  a-  and  c-axes  of  the  HT-Y2Si05  monoclinic  crystal,  as  a  function 
of  temperature  is  shown.  Fig.  32  shows  a  graphical  representation  of  orientation  relationship 
between  the  principal  axes  and  the  crystal  system  axes  at  two  different  temperatures,  namely  850 
°C  and  1450  °C.  One  of  the  principal  axes  is  oriented  parallel  to  the  two-fold  crystal  axis,  the  b- 
axis,  and  the  other  two  lie  in  the  010  plane. 
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Figure  30.  Plot  showing  CTE  vs  T  along  the  principal  axes  in  HT^SiOs. 


Table  10.  Thermal  expansion  of  HT^SiOs  as  determined  from  HTXRD  studies  using 

synchrotron  radiation.  Polynomial  expressions  for  the  eigenvectors  for  the  thermal 
expansion  tensor  reported  for  500  to  1450  °C  temperature  range. 


Eigenvector 

Coefficient  of  Thermal  Expansion  (°C"1) 

Temperature  (°C) 

a i 

<Xi  =  1.77  X  10-6  +  1.75  X  10-9  T  -  7.60  x  1013  T2 

500  -  1450 

a2 

<x2  =  7.41  x  10-6  +  1.37  x  1010  T  +  1.33  x  1012  T2 

500  -  1450 

a3 

a3  =  1.05  x  10-5  +  5.98  x  10-9  T  -  1.47  x  1012  T2 

500  -  1450 

CCaVg 

aavg  =  6.57  x  10"6  +  2.62  x  10"9  T  -  2.99  x  1013  T2 

500  -  1450 

Volume 

p  =  1.97  x  10'5  +  7.867  x  10-9  T  -  0.9  x  1012  T2 

500  -  1450 
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Figure  31.  Orientation  of  eigenvectors  wrt  crystallographic  a-  and  c-axes  in  HT^SiOs. 
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Figure  32.  Graphic  representation  of  the  orientation  of  eigenvectors  wrt  crystallographic  a-  and 
c-axes  in  FFT^SiOs  at  850°C  and  at  1450  °C. 

When  investigating  the  thermal  expansion  of  crystals,  there  exists  one  more  problem  that 
of  constructing  the  thermal  expansion  diagram,  whose  graphical  representation  makes  it  possible 
to  visualize  qualitatively  and  quantitatively  the  thermal  expansion  anisotropy  of  crystals.  The 
thermal  expansion  diagram  is  an  indicatrix  of  the  tensor.  The  magnitudes  of  the  radius  vectors  of 
the  points  at  the  indicatrix  indicate  the  magnitude  (coefficient)  of  thermal  expansion  in  the 
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direction  of  this  radius  vector.  The  thermal  ellipsoid  or  the  thermal  expansion  diagram  for  the 
HT^SiOs  at  1450  °C,  as  determined  in  this  study,  is  shown  in  Fig.  33. 


Figure  33.  Thermal  ellipsoid  or  thermal  expansion  diagram  for  HT-Y2Si05  at  1450  °C. 

Further  analysis  will  be  conducted  to  understand  the  expansion  of  individual  bonds  in  the 
HT-Y2Si05  phase,  which  can  lead  to  an  improved  understanding  of  the  role  of  individual  atoms 
in  contributing  towards  the  anisotropy  in  thermal  expansion.  This  work  will  be  presented  as  an 
archival  publication.  Based  on  the  studies  conducted  in  this  project,  it  may  be  reasonable  to  state 
that  the  FlT^SiOs  phase  is  stable,  and  does  not  undergo  any  phase  transformation  on  cooling, 
although  extended  studies  subjecting  this  phase  to  operational  conditions  are  highly 
recommended  to  verify  this  assertion.  If  this  material  system  is  used  as  a  top  coat  as  an  EBC,  it 
will  be  important  to  take  into  consideration  the  anisotropy  exhibited  in  its  thermal  expansion  to 
ascertain  the  extent  of  interfacial  stresses  that  can  be  generated.  The  top  coat  may  have  to  be 
engineered  in  a  way  so  as  to  minimize  the  stresses  and  thus  promote  the  stability  of  the  coating. 

5.3.2  CaW04 

Background: 

CaWC>4  with  a  scheelite  structure  is  a  potential  material  for  use  as  fiber-matrix  interlayer 
in  all-oxide,  high  temperature,  ceramic  matrix  composites  (CMCs).104  It  has  been  shown  to  be 
thermodynamically  stable  with,  and  to  bond  weakly  to,  common  structural  oxides,  is  refractory 
(Tmeit  =  1580  °C),  and  has  low  hardness  (Moh's  hardness  4.5-5).  The  thermo-mechanical 
properties  of  CaWC>4,  such  as  thermal  expansion,  elastic  constants,  fracture  toughness,  hardness, 
and  more  importantly,  the  anisotropy  of  these  properties  can  be  important  considerations  in  the 
design  of  future  CMCs  with  CaWC>4  as  a  fiber-matrix  interlayer. 
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Oxides  of  the  type  ABO4  are  of  interest  due  to  their  many  applications  in  current 
technology.  Binary  oxides  with  the  general  formula  ABO4,  in  which  A  and  B  cations  can  be 
multivalent  and  compositely  substituted,  have  several  common  structure  types.  Many  ABO4 
oxides,  for  example,  silicates,  phosphates,  arsenates,  vanadates  and  chromates  are  isostructural 
with  zircon  (141/amd,  No.  141);  several  phosphates,  arsenates  occur  as  polymorphs  of  quartz;  a 
few  ABO4  oxides,  e.g.,  germanates,  molybdates,  tungstates  and  periodates  crystallize  in  the 
scheelite  structure  (14 1/a,  No. 88);  a  large  number  of  molybdates,  tungstates  and  tantalates 
crystallize  with  the  wolframite  structure  (P2/c,  No.  13);  relatively  few  ABO4  oxides  exist  as  M'- 
fergusonite  structures  (P21/c,  No.  14)  or  M'-fergusonite  under  normal  conditions,  but  lots  of 
ABO4  oxides  transform  from  zircon  or  scheelite  structures  to  M'-fergusonite  under  pressure;  the 
fergusonite  structure  can  be  viewed  as  a  distorted  scheelite  structure.105 

The  A-,  B-,  and  the  O-ions  in  the  zircon  and  scheelite  structures  show  identical 
coordination  environment,  respectively.  In  these  two  structures,  the  A  cations  are  surrounded  by 
eight  oxygen  atoms  with  two  different  distances,  the  B  cations  coordinate  with  four  oxygen 
atoms,  and  the  oxygen  anions  are  connected  with  two  A-ion  and  one  B-ion.  However  the  BO4 
tetrahedra  in  the  zircon  structure  are  less  distorted  than  those  in  the  scheelite  structure.  Moreover, 
the  latter  structure  is  more  densely  packed  than  the  former.  Compared  with  the  zircon  structure, 
the  scheelite  structure  is  characterized  by  a  layered  stacked  cell,  and  so  it  can  be  readily 
distinguished  from  the  other  structures  exhibited  by  ABO4  oxides.105 

In  view  of  the  structural  diversity  and  the  A-  and  B-ion  variety  and  the  various  properties 
and  applications,  ABO4  oxides  are  important  materials  from  both  theoretical  and  technological 
standpoints.  As  a  basic  thermophysical  property,  the  thermal  expansion  behaviors  of  ABO4 
compounds  are  widely  needed. 

Due  to  the  appeal  of  CaWC>4  as  a  material  for  cryogenic  applications,  the  thermal 
expansion  of  this  material  at  low  temperatures  has  been  studied  by  many  researchers.  Studies 
have  also  been  conducted  on  low-temperature  thermal  expansions,  and  have  found  the  linear 
thermal  expansion  of  the  material  to  vary  significantly  with  temperature.  At  30  K,  the  linear 
expansion  was  as  low  as  1.0  x  10'6/K  and  0.2  x  10'6/  K  for  parallel  and  perpendicular  to  the  c  axis, 
respectively.  At  270  K,  though,  these  values  increased  to  15.3  x  10'6/K  and  9.2  x  10~6/K.106 

Many  studies  have  also  focused  on  the  high-pressure  structure  of  CaWC>4.  While  no 
phase  changes  occur  in  the  material  with  increase  in  temperature,  pressure-induced  phase 
changes  have  been  observed.  At  around  10  GPa,  a  phase  change  from  the  tetragonal  scheelite 
structure  to  a  monoclinic  structure  occurs.107'109 

While  the  expansion  of  CaWC>4  has  been  studied  exhaustedly  under  high  pressure  and  for 
low  temperatures,  few  studies  have  reported  the  thermal  expansion  of  the  material  at  high 
temperatures.  A  study  by  Achary  et  al.  (2006)110  examined  the  thermal  expansion  of  CaWCU  by 
HTXRD.  However,  this  study  was  limited  in  examining  the  thermal  expansion  up  to  a 
temperature  of  1000  °C,  much  lesser  than  foreseeable  range  of  temperatures  for  processing  of 
most  CMCs  and  their  operational  conditions.  Previous  studies  have  noted  high  anisotropy  in  the 
thermal  expansion  of  the  material.110  In  examining  the  exact  way  in  which  a  material  expands, 
lattice  vibrations  and  expansion  of  the  lattice  are  better  understood.  Through  the  study  of  the 
thermal  expansion  of  CaWC>4,  the  behavior  of  other  materials  of  ABO4  formula  can  be  better 
characterized  and  perhaps  provide  invaluable  insight  into  identifying  potential  new  materials 
belonging  to  the  same  family  which  can  display  useful  phase  transformational  behavior. 

The  scheelite  structure  may  be  regarded  as  a  cubic  close-packed  array  of  A2+  and  BO42" 
units  which  are  ordered.  The  oxygens  are  coordinated  to  two  A  cations  and  one  B  cation  in  the 
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scheelite  structure.  Fig.  34  shows  the  atom  positions  in  the  unit  cell  of  the  crystal.111  Four  oxygen 
atoms  are  arranged  around  the  tungsten  in  an  isolated  tetrahedron,  which  is  compressed  along  the 
c  axis  by  7%  over  a  regular  tetrahedron.  It  should  be  noted  that  the  presence  of  the  isolated 
WO/-  tetrahedra  is  a  distinctive  feature  of  the  scheelite  structure  that  substantiates  the  use  of  a 
quasimolecular  anion  complex  approximation  for  the  interpretation  of  the  physical  properties  of 
the  crystal.  Each  Ca2+  cation  shares  comers  with  eight  adjacent  WO42-  tetrahedra.  The  bond 
between  the  Ca  cation  and  WO4  anion  is  mainly  ionic,  whereas  inside  the  WO4  ’  complex  the 
W-0  bonds  are  primarily  covalent. 


Figure  34.  Unit  and  primitive  cell  of  CaW04  scheelite  structure.111 

In  this  project,  the  thermal  expansion  of  CaW04  was  investigated  with  the  objective  of 
understanding  the  role  played  by  the  Ca  and  the  W  ions  in  inducing  anisotropy.  In  this  process, 
the  expansion  tendency  was  analyzed  from  the  chemical  bond  viewpoint.  Contributions  from  all 
the  chemical  bonds,  such  as  Ca-0  and  W-O,  and  their  variation  with  temperature  such  as  change 
in  length  or  tilting  of  polyhedra  axis,  were  considered,  in  order  to  develop  a  better  understanding 
of  the  origin  of  the  anisotropic  expansion  behavior  in  CaW04  ceramics. 

Experimental  Procedures:  An  attempt  to  synthesize  CaW04  powder  was  first  made 
using  the  organic  steric  entrapment  (PVA)  method.101'103  Calcium  nitrate  tetrahydrate 
(Ca(Na03)2*4H20,  99.99%,  Aldrich  Chemical  Inc.,  WI,  USA)  and  anhydrous  ammonium 
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tungstate  ((NH4)10H2(W2O7)6,  >99.0%,  Aldrich  Chemical  Inc.,  WI,  USA)  were  used  as  a  source 
of  Ca2+  and  W6+  cations.  Stoichiometric  proportions  of  these  compounds  were  first  dissolved  in 
distilled  deionized  water.  Subsequently,  5%  PVA  solution  (polyvinyl  alcohol,  205S,  Celanese 
Ltd.,  Dallas,  TX,  USA)  was  added  to  the  solution  such  that,  for  each  mole  of  CaWCL  to  be 
produced,  2  moles  of  PVA  were  present.  The  mixture  was  heated  on  a  hot  plate  while  stirring 
and  the  resultant  powders  were  calcined  at  1000  °C.  XRD  analysis  of  the  powders  revealed  the 
presence  of  scheelite  phase  along  with  tungsten  oxide.  As  a  result,  the  synthesized  powders  were 
not  deemed  suitable  for  high  temperature  investigations  using  DSC/TGA  as  well  as  by  HTXRD. 
After  a  few  failed  attempts  at  changing  the  experimental  parameters  to  synthesize  a  pure 
scheelite  CaWCL  phase,  it  was  decided  to  purchase  commercially  available  powders  (CaWCL, 
Sigma-Aldrich,  USA)  in  order  to  pursue  further  studies  on  this  material  system.  Since  there  is  no 
known  phase  transformation  in  this  material  system  at  high  temperatures,  the  preliminary 
investigations  including  the  TGA/DSC  studies  and  dilatometric  evaluation  was  not  performed. 
The  HTXRD  studies  were  conducted  on  CaWCL  powder  samples  (mixed  with  Pt  powder)  to 
investigate  the  thermal  expansion  behavior. 

HTXRD  Studies: 

HTXRD  experiments  were  conducted  at  beamline  33BM-C  at  APS  using  the  CIP 
detector  and  X-rays  with  wavelength  X  =  0.5899  A.  The  powder  sample  of  CaWCL  (mixed  with 
Pt)  was  mounted  in  a  sapphire  capillary  which  was  heated  using  the  QLF.  HTXRD  patterns  were 
collected  in  transmission  geometry  while  rotating  the  sample  in  order  to  minimize  any  effects  of 
texturing.  Sample  temperature  was  determined  from  the  expansion  of  Pt.  Several  XRD  patterns 
were  acquired  at  each  temperature  to  improve  the  S/N  ratio,  and  data  was  acquired  from  room 
temperature  up  to  1450  °C  in  air.  Only  a  segment  of  the  acquired  20  range  in  the  HTXRD 
patterns  is  presented  in  Fig.  35  in  order  to  highlight  the  changes  upon  heating  only,  although 
XRD  patterns  were  also  collected  during  cooling.  The  high  intensity  peak  at  ~14.2°  in  Fig.  35  is 
from  the  sapphire  capillary  and  has  been  truncated  to  avoid  any  confusion.  Overall,  the  Bragg 
peaks  for  CaW04  moved  towards  lower  20  values  when  the  sample  was  heated,  signifying  lattice 
expansion,  and  moved  toward  higher  20  on  cooling,  signifying  lattice  contraction.  The  HTXRD 
dataset  was  analyzed  by  whole  pattern  fitting  methods  using  JADE  software  (MDI,  Inc., 
Livermore,  CA,  USA).  Continuous  expansion  was  observed  along  all  crystallographic  axes  and 
the  unit  cell  volume  (see  Fig.  36  and  37).  This  data  was  used  to  calculate  the  coefficient  of 
thermal  expansion  (CTE)  along  the  a-,  b-  and  the  c-axes,  and  also  for  the  crystal  volume.  Fig.  38 
shows  the  variation  of  the  CTEs  with  temperature  and  the  representative  polynomial  expressions 
are  included  in  Table  11.  First  order  polynomials  were  used  as  they  fit  the  CTE  data  best,  both  in 
terms  of  the  statistical  goodness-of-fit  parameter  as  well  as  the  randomness  of  residuals. 

As  can  be  seen  from  Fig.  38,  the  CaWCL  lattice  expanded  considerably  more  along  the  c- 
axis  than  along  the  a-  or  6-axis.  This  attribute  is  better  presented  as  an  anisotropy  index,  which  is 
the  ratio  of  thermal  expansion  coefficients  measured  along  the  c-axis,  to  that  along  the  a-  or  b- 
axes,  i.e.  ac/aa  or  Furthermore,  the  anisotropy  factor  was  not  constant  with  temperature 
and  was  found  to  increase  by  approximately  37%  from  1.42  at  700  °C  to  1.94  at  1450  °C  (see  Fig. 
39).  This  type  of  thermal  expansion  behavior  is  very  interesting  for  academic  understanding  of 
the  expansion  of  bonds,  especially  since  W  is  more  than  four  times  heavier  than  Ca.  Further 
analysis  on  the  dataset  is  underway,  and  it  is  expected  that  very  useful  insight  will  be  gained  into 
the  role  of  the  type  of  ion  and  its  location  in  the  structure  towards  inducing  anisotropy  in  the 


56 


High  Temperature  Phase  Transformations  in  Oxide  Ceramics 

PI:  Waltraud  M.  Kriven 

thermal  expansion  properties.  The  results  of  these  findings  will  be  presented  in  a  separate  peer 
reviewed  article  in  the  near  future. 


2e(°) 


Figure  35.  HTXRD  patterns  for  CaWC>4  collected  from  20  °C  to  1450  °C,  in  air  using 
synchrotron  radiation. 
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Figure  36.  Lattice  expansion  of  CaWC>4  along  its  crystallographic  axes. 
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Figure  37.  Unit  cell  volume  expansion  of  CaWC>4. 


Figure  38.  CTEs  along  different  crystallographic  axes  in  CaW04. 
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Table  11.  Thermal  expansion  of  CaWCL  as  determined  from  HTXRD  studies  using  synchrotron 
radiation.  Polynomial  expressions  for  CTEs  along  each  of  the  crystal  axis,  their  Linear 
Average  and  for  volume  expansion  are  reported  for  the  700  to  1450  °C  temperature  range. 


Lattice  Parameter 

Coefficient  of  Thermal  Expansion  ("C"1) 

Temperature  (°C) 

a 

aa  =  1.45  x  10"6  +  1.44  x  10"8  (T-20) 

700  -  1450 

b 

ab  =  1.45  x  1CT6  +  1.44  x  10'8  (T-20) 

700  -  1450 

c 

ac  =  -8.33  x  10'6  +  3.56  x  10"8  (T-20) 

700  -  1450 

Linear  Average 

aavg  =  -1.81  x  10"6  +  2.15  x  10"8  (T-20) 

700  -  1450 

Volume 

P  =  -5.42  x  10"6  +  6.44  x  10"9  (T-20) 

700  -  1450 

Figure  39.  Anisotropy  in  expansion  of  the  CaWC>4  crystal. 
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5.3.3  CeP04 
Background: 

Despite  the  fact  that  the  number  and  diversity  of  the  crystalline  phosphates  is  comparable 
with  the  silicates,  orthophosphates  represent  the  only  phosphate  compounds  commonly  found  in 
nature.  Among  these  compounds,  rare-earth  (RE)  orthophosphates  are  probably  the  most 
refractory  and  insoluble  materials.  These  properties  provide  the  basis  for  interest  in  their  use  in 
a  wide  range  of  applications.  Monazite  is  a  monoclinic  rare-earth  orthophosphate  mineral  with 
the  composition  of  RPO4,  where  R  is  mostly  Ce,  with  smaller  amounts  of  La,  Pr,  Nd,  Sm,  and  Th. 
The  melting  points  of  monazites  are  about  2045  ±  25  °C  or  higher  in  air.113'115  CePC>4,  and  its 
solid  solutions,  constitute  a  long-standing  interesting  research  topic  because  CePC>4  possesses  the 
most  stable  chemical  properties  of  all  minerals116  and  is  infusible  even  up  to  2223  K.117 
Furthermore,  CeP04  can  form  solid  solutions  with  many  metal  ions  and  these  properties  make  it 
of  wide  application  in  nuclear  waste  reduction.118, 119  As  one  way  of  increasing  the  toughness  of 
ceramic  materials,  CePC>4  has  been  coated  on  the  short  fiber  of  AI2O3  as  a  crack  deflecting 
source  after  forming  a  weak  bonding  at  the  interface.120  As  a  machinable  ceramic,  reported  to 
have  some  “ductile”  properties,  CePC>4  was  studied  by  J.  B.  Davis  et  al.  (1998)  and  W.  Lijuan 
et  al.  (2003)122  In  light  of  the  variety  of  current  and  potential  future  applications  of  the  CePC>4, 
coupled  with  research  interest  in  their  fundamental  properties,  there  is  a  surprising  paucity  of 
high  temperature  property  data  for  this  material  system. 

The  crystal  structure  of  CeP04  has  been  determined  by  modern  X-ray  crystallographic 
techniques.  The  unit  cell  is  monoclinic  (space  group  P2j/n )  with  a  =  6.7902  A,  b  =  7.0203  A,  c  = 
6.4674  A,  and  (3  =  103.54°.  The  structure  is  made  up  of  irregular  9-coordinated  cerium  atoms 
linked  together  by  distorted  tetrahedral  phosphate  groups  (see  Fig.  40). 123  In  this  study,  CePC>4 
was  chemically  synthesized  and  high  temperature  properties  were  studied  using  DSC/TGA, 
dilatometry  and  in-situ  high  temperature  X-ray  diffraction  using  synchrotron  radiation,  with  the 
objective  of  exploring  anisotropy  in  thermal  expansion  and/or  any  associated  phase 
transformations  at  high  temperatures  in  air. 

Experimental  Procedures: 

Cerium  phosphate  powder  was  synthesized  by  the  organic,  steric  entrapment  method  (see 
Fig.  41).101'103  Cerium  (III)  nitrate  hexahydrate  (CelNCbF'blFO,  99%,  Aldrich  Chemical  Inc., 
WI,  USA)  and  phosphorous  acid  (H3PO3,  99%,  Aldrich  Chemical  Inc.,  WI,  USA)  were  used  as 
Ce+4  and  P+5  sources,  respectively.  Appropriate  amounts  of  chemicals  were  dissolved  in 
deionized  water  and  mixed  for  30  min.  5  wt%  PVA  (polyvinyl  alcohol,  205S,  Celanese  Ltd., 
Dallas,  TX,  USA)  solution  was  added,  followed  by  another  50  min  of  mixing.  The  final  solution 
was  heated  to  remove  water  and  NOx  gases,  and  finally  yellow  cakes  were  obtained.  The 
resulting  cakes  were  ground  using  a  mortar  and  pestle  and  calcined  at  900  °C  for  1  h  with  a  ramp 
rate  of  5  °C/min.  The  calcined  powder  was  attrition  milled  for  1  h,  dried,  and  passed  through  a 
100  mesh  sieve.  Subsequently,  the  powder  was  heated  to  1200  °C  to  yield  crystalline  monoclinic 
CeP04  phase,  which  was  verified  using  XRD  (see  Fig.  42). 
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Figure  40.  Crystal  structure  of  CePCU  viewed  down  the  h-axis. 


Figure  41.  Flow  chart  of  synthesis  of  CePC>4. 
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Figure  42.  Room  temperature  XRD  pattern  of  the  synthesized  CeP04  phase. 


Preliminary  Investigations: 

The  TGA/DSC  studies  (not  shown)  on  the  synthesized  CePC>4  phase  did  not  show  any 
remarkable  changes  in  weight  or  in  the  DSC  signal,  thereby  confirming  that  the  phase  was  stable 
and  did  not  appear  to  undergo  any  phase  transformation  upon  heating.  The  results  of  the 
dilatometry  studies  are  presented  in  Fig.  43.  The  dilatometric  studies  were  conducted  on  a 
cylindrical  specimen  which  had  been  sintered  at  1600  °C  for  lOh.  The  sample  density,  as 
determined  using  pycnometry  was  4.89  g/cm3,  and  was  3.54  %  porous.  The  sample  was  heated 
and  cooled  at  5°C/min  from  20  °C  to  1550  °C.  The  noisy  nature  of  the  dilatometry  plot  should  not 
be  misinterpreted  as  any  drastic  changes  in  thermal  expansion,  and  are  merely  an  experimental 
artifact. 
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Figure  43.  Dialtometric  studies  on  CePOzp 


Figure  44.  HTXRD  patterns  collected  using  powder  CePC>4  specimen  and  synchrotron  radiation 
over  a  temperature  range  from  20  °C  to  1575  °C  in  air. 
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HTXRD  Studies: 

HTXRD  investigations  were  conducted  using  the  QLF  at  X14A  NSLS  beamline  at 
Brookhaven  National  Laboratory  using  X-rays  with  X  =  0.72978  A  and  a  640  channel  Si-linear 
strip  detector.  The  powder  sample  was  mounted  in  a  sapphire  capillary  which  was  rotated  during 
data  acquisition  in  transmission  geometry.  Sample  temperature  was  determined  from  the 
expansion  of  Pt,  which  was  mixed  with  the  sample  powder.  Only  a  segment  of  the  collected  20 
range  in  the  HTXRD  patterns  is  presented  in  Fig.  44  to  highlight  the  structural  changes  upon 
heating.  Overall,  the  Bragg  peaks  for  CeP04  moved  towards  lower  20  values  when  the  sample 
was  heated,  signifying  lattice  expansion,  and  moved  toward  higher  20  on  cooling  signifying 
lattice  contraction  (not  shown).  The  HTXRD  dataset  was  analyzed  by  whole  pattern  fitting 
methods  using  JADE  software  (MDI,  Inc.,  Livermore,  CA,  USA).  Continuous  expansion  was 
observed  along  all  crystallographic  axes  and  the  unit  cell  volume  (see  Fig.  45  and  46).  The 
change  in  the  monoclinic  angle  (3  was  minimal  (<  0.1°)  throughout  the  temperature  range.  This 
data  was  used  to  calculate  the  coefficient  of  thermal  expansion  (CTE)  along  the  a-,  b-  and  the  c- 
axes  (see  Fig.  47),  and  also  for  the  crystal  volume  (Fig.  48).  Fig.  47  shows  the  linear  variation  of 
the  CTEs  with  temperature  and  the  representative  polynomial  expressions  are  included  in  Table 
12.  First  order  polynomials  were  used  as  they  fit  the  CTE  data  best,  both  in  terms  of  the 
statistical  goodness-of-fit  parameter  as  well  as  the  randomness  of  residuals. 

As  can  be  seen  from  Fig.  47,  the  expansion  of  the  CePCL  lattice  along  the  c-axis  was  the 
largest,  while  than  along  the  6-axis  was  the  least.  The  expansion  along  the  a-axis  changed  most 
significantly  from  20  °C  to  1575  °C,  and  was  almost  similar  to  that  along  the  c-axis  around  1575 
°C.  The  volume  expansion  coefficient,  shown  in  Fig  48  was  linear  with  temperature.  Although 
these  studies  show  the  stable  nature  of  the  CePCL  structure  over  a  wide  range  of  temperature,  this 
type  of  thermal  expansion  behavior  is  very  interesting  for  academic  understanding  of  the 
expansion  of  bonds,  especially  since  Ce  is  more  than  four  times  heavier  than  P.  Further  analysis 
on  the  dataset  is  underway,  and  it  is  expected  that  very  useful  insight  will  be  gained  into  the  role 
of  the  type  of  ion  and  its  location  in  the  structure  towards  inducing  anisotropy  in  the  thermal 
expansion  properties.  The  results  of  these  findings  will  be  presented  in  a  separate  peer  reviewed 
article  in  near  future,  and  will  be  quite  useful  in  designing  advanced  composites  using  CePCL  as 
a  weakly  bonding  interphase. 
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Figure  45.  Lattice  expansion  of  CePCL  along  different  crystallographic  axes. 


Figure  46.  Change  in  the  monoclinic  angle  and  the  unit  cell  volume  with  temperature  in  the  CePCL  system. 
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Figure  47.  Coefficient  of  thermal  expansion  of  CePC>4  along  different  crystallographic  axes. 
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Figure  48.  Coefficient  of  volume  expansion  of  CePC>4  as  determined  using  HTXRD. 
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Table  12.  Thermal  expansion  of  CePCL  as  determined  from  HTXRD  studies  using  synchrotron 
radiation.  Polynomial  expressions  for  CTEs  along  each  of  the  crystal  axis,  their  Linear 
Average  and  for  volume  expansion  are  reported  for  20  to  1575  °C  temperature  range. 


Lattice  Parameter 

Expression  for  Coefficient  of  Thermal  Expansion 

Temperature  (°C) 

a 

aa  =  7.46  x  1CT6  +  4.87  x  10"9  (T-20) 

20-  1575 

b 

ab  =  6.90  x  10'6  +  2.02  x  10'9  (T-20) 

20-  1575 

c 

ac  =  9.29  x  10"6  +  3.83  x  10"9  (T-20) 

20-  1575 

Linear  Average 

aavg  =  7.88  x  10"6  +  3.58  x  10'9  (T-20) 

20-  1575 

Volume 

p  =  2.38  x  10"5  +  1.02  x  10"8  (T-20) 

20-  1575 

5.3.4  YTa04 
Background: 

The  R203-Ta2C>5  system  (where  R  is  a  rare-earth  element)  has  been  of  interest  from  the 
standpoint  of  the  science  and  technology  of  high-temperature  structural  ceramics,  such  as 
refractories  and  coatings,  and  of  functional  ceramics,  such  as  lasers,  optoelectronics, 
ferroelectronics,  and  solid-state  ionics.124  Rare-earth  tantalates  and  related  solid  solutions  are 
used  as  materials  for  high-  and  low-pressure  luminescent  lamps  and  coatings  of  x-ray  screens. 
According  to  phase  equilibrium  diagrams  of  the  R203-Ta20s  systems,  three  compounds,  with 
R203:Ta205  stoichiometries  of  3:1,  1:1,  and  1:3,  commonly  represent  stable  phases.  YTaCU  is  the 
1 : 1  composition  phase  for  the  Y203-Ta20s  system. 

At  low  temperatures,  YTaCL  has  a  monoclinic  structure  (Fig.  49),  with  S.G.  P2a,  a  = 
5.292  A,  b  =  5.451  A,  c  =  5.1 1  A,  (3  =  86.74°,  Z  =  4,  and  belongs  to  the  fergusonite  structure 
family,  which  is  closely  related  to  the  fluorite  structure.  The  fluorite  structure,  named  after  the 
mineral  fluorite,  CaF2,  is  cubic  and  can  be  thought  of  as  an  alternate  stacking  of  full  and  empty 
boxes,  with  anions  at  every  comer  and  a  cation  in  the  middle  of  each  full  box.  The  coordination 
number  of  the  cation  is  eight  (anions  at  comer  of  cube)  and  that  of  the  anion  is  four,  reflecting 
the  stoichiometry  of  two  anions  for  each  cation.  In  the  fergusonite  structure,  the  cations  are  in  a 
pseudo-fee  arrangement,  forming  a  stable  cation  framework  with  interatomic  distances  in  the 
range  3.6  to  4.3  A.  Moreover,  in  the  fluorite  structure,  all  of  the  cations  are  in  eightfold 
coordination,  whereas  the  fergusonite  structure  is  made  up  of  TaC>6  and  YOg  polyhedra.  Each 
YOg  polyhedron  (distorted  cube)  shares  edges  with  four  neighboring  eight- vertex  polyhedra  so  as 
to  form  (100)  cation  slabs.  The  Y  cation  slabs  are  linked  by  the  TaCV  polyhedra.  The 
coordination  polyhedron  of  Ta  is  regarded  as  a  semidodecahedron  (4  +  2),  rather  than  as  a 
distorted  octahedron. 
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Figure  49.  Crystal  structure  of  YTaOzd  6-axis  projection. 

The  low  temperature  YTaC>4  actually  exists  in  two  polymorphs:  M  and  M.ns  The  M- 

1 9 

phase  (fergusonite  structure)  transforms  into  the  M-phase  (scheelite  structure  )  upon  heating  to 
1400°C  followed  by  cooling  to  below  1325°C.  In  the  two  polymorphs,  yttrium  is  in  a  nearly 
cubic  eightfold  oxygen  coordination,  with  a  slight  dodecahedral  distortion,  but  the  Ta-0  bond 
distances  in  M- YTaC>4  are  shorter  than  those  in  M-YTa04.126’ 127 

Using  a  natural  fergusonite  (impure  YNb04),  Komkov  determined  the  structure  of  the 
high-temperature  form  to  be  that  of  scheelite,  space  group  I41/a,  with  oxygen  coordinates  close 
to  those  of  CaWC>4,129  and  that  of  the  low-temperature  form  to  be  a  distorted  scheelite,  space 
group  12.  The  two  forms,  which  will  be  referred  to  as  the  T  phase  and  the  M  phase,  respectively, 
are  related  by  a  second-order  (continuous)  phase  transformation.  The  M  phase  can  be  obtained 
only  as  a  transformation  product  of  the  T  phase.  If  crystals  are  grown  below  the  M-T 
transformation  temperature,  a  new  monoclinic  structure,  the  M'  phase,  is  obtained.  On  heating, 
the  M'  phase  is  converted  by  a  very  sluggish,  first-order,  phase  transformation  to  the  tetragonal 
form,  which,  when  cooled,  distorts  slightly  to  give  M.  The  M'  phase  of  fergusonite  is  closely 
related  to  the  other  known  monoclinic  form  (M  phase),  except  that  it  has  a  halved  b- axis  and  its 
space  group  is  P2/a  instead  of  12. 

Based  on  the  above  information,  YTaC>4  was  one  of  the  candidate  materials  selected  for 
further  evaluation  for  phase  transformation  properties. 


Experimental  Procedures: 

Yttrium  tantalate  (YTa04)  powder  was  synthesized  by  the  organic,  steric  entrapment 
method  (see  Fig.  50). 101'103  Yttrium  (III)  nitrate  hexahydrate  (Y(N03)3*6H20,  99%,  Aldrich 
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Chemical  Inc.,  WI,  USA)  and  tantalum  pentachloride  (TaCT,  99.99%,  Aldrich  Chemical  Inc., 

WI,  USA)  were  used  as  Y3+  and  Ta5+  sources,  respectively.  Proportionate  amounts  of  chemicals 
were  dissolved  in  deionized  water  and  mixed  for  30  min.  5  wt%  PVA  (polyvinyl  alcohol,  205S, 
Celanese  Ltd.,  Dallas,  TX,  USA)  solution  was  added,  followed  by  another  50  min  of  mixing.  The 
final  solution  was  heated  to  remove  water  and  NOx  gases,  and  finally  yellow  cakes  were  obtained. 
The  resulting  cakes  were  ground  using  a  mortar  and  pestle  and  calcined  at  800  °C  for  1  h  with  a 
ramp  rate  of  5  °C/min.  The  calcined  powder  was  attrition  milled  for  1  h,  dried,  and  passed 
through  a  100  mesh  sieve.  Subsequently,  the  powder  was  heated  to  1200  °C  to  yield  crystalline 
monoclinic  YTaCL  phase,  which  was  verified  using  XRD  (Fig.  51),  and  then  subjected  to 
preliminary  investigations  to  ascertain  any  phase  transformation  behavior. 


Figure  50.  Flow  chart  for  synthesis  of  YTaCL. 
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Figure  51.  XRD  pattern  of  the  synthesized  monoclinic  YTaC>4  phase. 


Preliminary  Investigations: 

The  results  of  TGA/DSC  and  dilatometry  studies  are  presented  in  Figs.  52  and  53, 
respectively.  In  the  TGA/DSC  studies,  a  powder  sample  of  YTaC>4  was  heated/cooled  from  30  °C 
to  1500  °C  at  the  rate  of  20  °C/min.  No  change  in  mass  was  observed  during  the  experiment.  The 
DSC  measurements  suggest  possible  transformation(s)  on  cooling  from  1500  °C.  The 
dilatometric  studies  were  conducted  on  a  cylindrical  specimen  which  had  been  sintered  at  1600 
°C  for  2h.  The  sample  density,  as  determined  using  pycnometry  was  6.97  g/cm3,  and  was  3.15  % 
porous.  The  sample  was  heated  and  cooled  at  3°C/min  from  20  °C  to  1550  °C.  The  phase 
transformation  on  cooling  from  1500  °C  is  apparent  in  the  sudden  jump  in  the  signal  as  shown  in 
Fig.  53. 
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Figure  52.  TGA/DSC  studies  on  powder  sample  of  YTaCL  system. 
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Alpha  *10-eyK-' 


Figure  53.  Dilatometry  studies  of  YTaCL  suggest  possible  transformation  on  cooling  at  ~1400  °C. 
The  solid  line  represents  strain  (dL/Lo)  while  the  dotted  line  is  the  calculated  a,  linked 
to  the  Y  axis  on  the  right  hand  side. 


72 


High  Temperature  Phase  Transformations  in  Oxide  Ceramics 

PI:  Waltraud  M.  Kriven 


HTXRD  Studies: 

HTXRD  investigations  were  conducted  using  the  QLF  at  X14A  NSLS  beamline  at 
Brookhaven  National  Laboratory  using  X-rays  with  X  =  0.72978  A  and  a  640  channel  Si-linear 
strip  detector.  A  powder  sample  was  mounted  in  a  sapphire  capillary  which  was  rotated  during 
data  acquisition  in  transmission  geometry.  Sample  temperature  was  determined  from  the 
expansion  of  Pt,  which  was  mixed  with  the  sample  powder.  Only  a  segment  of  the  collected  20 
range  in  the  HTXRD  patterns  is  presented  in  Fig.  54  to  highlight  the  structural  changes  upon 
cooling  which  are  apparent  in  the  merging  and  splitting  of  the  Bragg  reflections  peaks  (e.g.  at  20 
~  17°).  Detailed  crystallographic  analysis  to  interpret  the  transformation  and  the  mechanism  are 
underway,  and  will  be  presented  in  an  archival  publication  in  the  near  future. 


29° 


Figure  54.  HTXRD  studies  on  powder  sample  of  YTa04  using  the  QLF  and  a  Si-linear  strip 

detector.  (Note:  The  temperature  labeled  in  the  figure  is  only  Tset  and  is  approximately 
200  °C  lower  than  the  actual  sample  temperature). 
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6.  Summary 

This  project  has  laid  the  necessary  foundation  for  a  comprehensive,  yet  fundamental 
research  effort  devoted  towards  finding  new,  high  temperature  oxide  ceramic  materials  with 
desirable  phase  transformation  properties.  The  ceramic  oxide  material  systems  that  were  focused 
on  were  those  of  potential  application  in  the  aerospace  industry,  namely,  high  temperature, 
chemically  stable,  oxide  ceramics.  Based  on  an  exhaustive  literature  review,  candidate  oxide 
systems  were  short  listed  for  experimental  examination,  and  included  (a)  Y2SiOs,  (b)  CaWC>4,  (c) 
CePC>4  and  (d)  YTaC>4.  While  CaWC>4  and  CePC>4  are  stable  at  high  temperatures,  both  Y2SiC>5 
and  YTaC>4  have  been  reported  to  undergo  phase  transformation  upon  heating.  In  this  study,  the 
stable  HT-Y2Si05  phase  was  synthesized  and  studied  to  show  that  it  was  stable  and  does  not 
undergo  any  phase  transformation.  Detailed  crystallographic  analysis  of  the  thermal  expansion 
and  phase  transformation  properties  (in  the  case  of  YTaC>4  only)  of  each  of  the  above  systems 
was  undertaken.  Although  most  of  the  analysis  was  completed  and  has  been  presented  in  this 
report,  some  analysis  is  still  underway  and  will  be  presented  in  archival  publications. 

Besides  developing  a  thorough  understanding  of  the  crystallographic  variations  in  the 
above  material  systems  when  subjected  to  high  temperatures  in  air,  which  included  thermal 
expansion  as  well  as  phase  transformations,  other  important  accomplishments  were  also  realized 
through  this  research  project.  First,  unique  instrumentation  was  developed  and  calibrated  to 
conduct  high  temperature  X-ray  diffraction,  in  air,  at  very  high  resolutions  in  real  time.  This 
included  state-of-the-art  experimental  techniques,  especially  unique,  in  situ  techniques  such  as: 
in  situ  synchrotron  studies  up  to  2000  °C  in  air  using  a  quadrupole  lamp  furnace  and  a  curved 
image  plate  detector  capable  of  collecting  an  entire  X-ray  difffactometry  plot  within  5  seconds, 
with  an  accuracy  of  ±  5  °C  up  to  1830  °C,  and  ±  10  °C  thereafter  up  to  2000  °C,  and  with  a 
resolution  of  ±  0.0001  A  in  the  crystallographic,  axial  lattice  parameters.  Secondly,  a  framework 
was  developed  to  guide  future  efforts  aimed  at  examining  high  temperature  phase  transformation 
and  thermal  expansion  properties  of  oxide  ceramics.  Thirdly,  based  on  the  exhaustive  literature 
search  conducted  during  this  project,  key  limitations  were  identified  which  can  compromise  the 
progress  in  science  of  high  temperature  materials.  A  solution  to  these  limitations  was  proposed 
and  lies  in  the  development  of  a  novel,  relational  database  where  various  high  temperature 
properties  of  oxide  ceramics,  such  as  thermal  expansion  coefficients,  temperature  ranges  for 
phase  stability  (known),  crystallographic  parameters,  etc,  will  be  stored.  The  database  promises 
to  assimilate  years  of  research  on  high  temperature  behavior  of  ceramic  oxide  materials  in  a 
coherent  format,  and  will  be  instrumental  in  guiding  selection  and  development  of  oxide 
ceramics  for  further  specific  phase  transformation  properties  and  high  temperature  behavior. 
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